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Abstract
Electroactive polymers are an emerging branch of smart materials that possess the
capability to change shape in the presence of an electric field. Particularly, ferroelectrets
are films of electrostatically charged dielectric polymer foam that comprise a growing
portion of EAP literature. Ferroelectrets are characterized by a piezoelectric response
and a quasi-permanent charge polarization owing to the dipoles created when the air
cavities in the polymer matrix undergo dielectric breakdown. However, these cavities
are often irregular in shape, size, and distribution when produced with conventional
preparation methods. To overcome this, we employ a light-based additive manufacturing
technique to create a hybrid photopolymer ferroelectret structure with regular and repeatable voids. Furthermore, we developed a high-voltage electrostatic poling apparatus
that allows a precise and uniform charging of the engineered ferroelectrets. The stability
and uniformity of the charge polarization and the piezoelectric performance of the hybrid
photopolymer ferroelectrets are characterized to evaluate the suitability of this material
in energy harvesting applications.

Keywords: electroactive polymers, ferroelectret, photopolymerization, additive manufacturing, piezoelectric, energy harvesting, corona discharge.
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Summary for Lay Audience
Electroactive polymers are a family of plastics that convert mechanical deformation
into electrical energy and vice versa. They are deployed in sensing, actuation, and
energy harvesting applications. Ferroelectrets are an emerging class of electroactive
polymers that consist of thin foam films. These foam films are characterized by closedcell air voids of varying shapes and sizes in the bulk of the material. Since these films
are comprised mostly of these air-filled cavities, ferroelectrets are typically low stiffness
polymers. In this work, we use a light-based 3D printing approach to control the size and
distribution of these voids. When a strong electric field is applied to the 3D printed films,
the air inside the voids undergoes a dielectric breakdown, resulting in a micro-scale
“lightning” phenomenon in these voids. This functionalizes the cavities, giving them the
ability to transduce mechanical deformation into electrical signals. Once functionalization
has been achieved using a custom-built charging apparatus, the performance of the
engineered ferroelectret as an energy harvester is studied. It is envisaged that this proof
of concept will ultimately be deployed in wearable applications.
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If we wish to make a new world we have the material ready. The first one,
too, was made out of chaos.

– Robert Quillen, 1887-1948
Humorist
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Chapter 1
Introduction
Electroactive Polymers (EAP) are a class of plastics characterized by a mechanical strain
response to electrical stimuli such as currents or electric fields and vice versa. They are
often divided into two major families: Ionic EAPs are activated by an electrically-induced
transport of ions and/or solvent while electronic EAPs are activated by electrostatic
forces such as electric fields and Coulomb forces (Bar-Cohen, 2004). The attractive
characteristics of low mass density, processability, mechanical flexibility and stretchability,
low cost, and electrically-configured strains and stresses make EAPs a promising
technology in sensing and energy harvesting applications (Carpi, 2010).
In particular, wearable energy harvesting devices to power portable electronics have
garnered significant research interest amidst the rapid growth of Internet of Things (IoT)
devices. Many of the wearable devices commercially available today such as watches,
glasses, smart fabrics, and hearing aid devices have seamlessly integrated portable
and convenient computing solutions into peoples’ lives. The human body releases
considerable amounts of energy as heat and motion that can be converted into electrical
energy that extends the lifetime of these electronics and their power sources. Devices
worn on the heel (Kornbluh et al., 2002), knee (Kuang et al., 2016), shoulder (Granstrom
et al., 2007) and elbow (Li et al., 2018) have demonstrated the ability to harvest energy
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from cyclical motion of body parts.
However, wearable energy harvesting devices reported in the literature suffer from
complex and costly manufacturing processes, intrusive mechanical design, or operating
frequencies incompatible with normal human activities. The rigidity and non-compliance
of these devices makes them unsuitable for integration into textiles or stick-to-skin applications. While much progress has been made in miniaturizing triboelectric, piezoelectric,
and thermoelectric energy harvesting devices for wearability, comparatively little has
been achieved with EAPs.
This exploration of EAPs as the basis of a wearable energy harvesting device
alleviates these concerns owing to their diverse preparation methods, large deformations,
high energy density, and high ambient frequency range compared to existing energy
harvesting solutions in the literature. Furthermore, adapting them towards simplified
and scalable manufacturing techniques such as additive manufacturing (AM) opens the
door to rapid experimental optimization of the developed energy harvesting devices. AM
represents a novel departure from traditional laboratory EAP preparation techniques
and provides a control over EAP properties that is absent from the literature.

1.1

Objectives

This research project aims to develop a novel energy harvesting application from a 3D
printed and polarized film of piezoelectric electromechanically active polymer. This goal
is embodied in the following research objectives:
• Fabrication and characterization of a ferroelectret film with controlled void geometry. The first objective is to develop a fabrication methodology centering around
controlling the geometry and size of the closed cavities within the voided polymer
matrix. An additive manufacturing approach will be used to facilitate the rapid
prototyping of different void geometries precisely, repeatably, and inexpensively.
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The performance of this fabrication method and associated materials will be characterized to provide insight into the optimal design parameters of the engineered
voided EAP film within the constraints of the chosen approach. The mechanochemical performance of the employed polymer must not significantly limit the
piezoelectric performance of engineered ferroelectret film.
• Investigate the effect of corona charging profiles on electrostatic stability of ferroelectret film. The second objective is to explore the effect of different electrostatic
charging parameters on the surface potential uniformity and stability of the developed ferroelectret film. A built-for-purpose corona discharge device will be
designed and assembled to provide precise control over the electrostatic poling
process. The temporal and thermal stability of the engineered ferroelectret film
post-treatment will be investigated and compared with established polymer ferroelectrets. The results aim to test hypotheses regarding the effect of the geometry
and distribution of voids on the observable characteristic phenomena of polymer
ferroelectrets.
• Characterize the piezoelectric performance of the engineered ferroelectret in
an energy harvesting configuration. The third objective is to develop a proof of
concept for an energy harvester by harnessing the direct piezoelectric effect. The
accompanying circuitry for an energy harvesting device will be presented. The
d33 coefficient of the polarized ferroelectret will be calculated and compared with
values for established ferroelectrets in the literature.

1.2

Major contributions

This thesis conveys the following major contributions to the scientific body of knowledge:
• Novel approach to ferroelectret fabrication. The first-ever attempt at fabricating
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an artificially voided electret using additive manufacturing techniques is reported.
The digital light processing (DLP) method employed allows the incorporation of
closed voids with different geometries, sizes, and aspect ratios within the polymer
matrix simply and inexpensively.
• The design of a modular high-voltage electrostatic charging apparatus for poling
of ferroelectrets. The device employs two high voltage sources, a motorized linear
translation system, safety controls, a graphical user interface, and a corona triode
for precise control of process parameters such as corona tip voltage, distance,
and exposure time while maintaining a constant-current condition. The corona
triode produces charge uniformity that parallels commercial and industrial corona
discharge devices.
• Characterization of the piezoelectric performance and stability of the engineered
photopolymer ferroelectret. The first study to characterize the thermal stability,
temporal stability, and piezoelectric d33 coefficient of a ferroelectret engineered
using AM techniques is reported. The results of this study inform hypotheses
on the effect of void geometry and distribution on observable electromechanical
phenomena.

1.3

Organization of the thesis

The following chapter, Chapter 2, Background introduces the relevant background information and summarizes the most influential literature within the state-of-the-art. Included
is an exploration of the theory behind energy harvesting with EAPs and the challenges
this technology faces. A review of additive manufacturing technology is provided with
an emphasis on light-based technologies. In accordance with the aforementioned objectives, the remainder of the thesis is organized as follows: Chapter 3, Photopolymer
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ferroelectret fabrication and characterization explores the AM fabrication and design
properties of a novel voided polymer ferroelectret. Next, Chapter 4, High-voltage poling
apparatus development and process modelling explores the ability of this polymer to
quasi-permanently store a surface potential upon corona charging. This chapter also
discusses the design of a custom built electrostatic treatment system and its role in
providing precise control over the poling process to enable experimental analysis of
different ferroelectrets. The effect of different charging parameters on the performance
and stability of the developed ferroelectret is studied and compared with known polymer
ferroelectrets. Chapter 5, Engineered ferroelectret in energy harvesting applications
adds to the body of knowledge a piezoelectric characterization of the developed ferroelectret along with a proof of concept of a wearable energy harvesting device with
the pre-requisite electronics. Finally, Chapter 6, Concluding remarks summarizes the
primary conclusions of the work, reiterates the main contributions to knowledge, and
provides recommendations for future research.

List of references
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and Structures 16(5), 1810–1820.
Kornbluh, R., Pelrine, R., Pei, Q., Heydt, R., Stanford, S., Oh, S. and Eckerle, J. (2002),
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and Commercial Applications of Smart Structures Technologies’, SPIE, San Diego,
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Li, K., He, Q., Wang, J., Zhou, Z. and Li, X. (2018), ‘Wearable energy harvesters
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Chapter 2
Background and Literature Review
This chapter presents the pertinent background information on additive manufacturing
processes and the state-of-the-art in electret EAP research. AM techniques are outlined
and a case for their employment over conventional polymeric synthesis techniques is
presented. Specifically, the advantages of light-based AM techniques in achieving geometric detail is discussed. The fundamentals of ferroelectret polymers are summarized
before a literature review into energy harvesting using ferroelectret EAPs is conducted.

2.1
2.1.1

Additive Manufacturing
Background

According to ISO/ASTM standard 52900:2015(E), Additive Manufacturing (AM) refers
to technologies that fabricate complex structures from three-dimensional (3D) model
data by joining successive layers of materials that lie on top of each other, as opposed
to subtractive manufacturing or formative manufacturing methodologies. Developed
by Charles Hull in 1986 in a process known as stereolithography (SLA), AM has since
spawned developments in methods such as powder bed fusion, contour crafting (CC),
inkjet printing and fused deposition modelling (FDM), informally known as 3D printing

7
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(ASTM, 2015). Materials suitable for AM have expanded to include metals, ceramics,
thermoplastics, and composites. As a result, AM techniques have been adapted to
applications of aerospace, biomaterials, architectural, handicraft, and consumer goods.
The growing adoption of AM systems over traditional manufacturing techniques is
attributed to three noteworthy factors. Firstly, AM offers mass customizability of part
shape and geometry, significantly reducing the cost and time associated with mouldmaking and tooling in traditional machining (Thomas and Gilbert, 2014). Customization
of 3D printing systems for specialized applications is also common. Rapid prototyping
of complex geometries, such as lattice structures, and use of engineered materials,
such as nanocomposites and biomaterials, have enhanced research and development
efforts that give rise to exciting devices. Secondly, a fundamental advantage of AM is
the reduction of waste, as material is deposited only in locations required to manufacture
the part. Additionally, reusing the materials from a 3D print is relatively uncomplicated.
Thirdly, AM is capable of fabricating parts in the micro- to macro-scale depending on
the accuracy of the utilized approach and scale of printing. This requires overcoming
some challenges with resolution, layer bonding, and surface finish (Vaezi et al., 2013).
However, the rapid prototyping approach coupled with minimal waste output allows
printing parameters to be adjusted iteratively to achieve this.
In this study, the introduction of micron-scale cavities into printed flexible thin films is
fundamental to the electromechanical performance of these films and their role in an
energy harvesting application. A digital light processing (DLP) AM approach is used to
achieve this aim.

2.1.2

Digital Light Processing (DLP) printing

Digital light processing (DLP) refers to an optical electro-mechanical technology that
makes use of a Digital Micromirror Device (DMD), a micro chipset with several hundred
thousand microscopic mirrors arranged in a rectangular array on its surface, to reflect
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Figure 2.1: Schematic representation of DLP additive manufacturing technique (© Billiet
et al. (2012), included with permission).
light and colour onto a screen. DLP 3D printing is a vat polymerization AM technique
where high-resolution 3D structures are created by using a light projection system to
selectively cure 2D layers of a photosensitive resin. The DMD allows for a small pixel size
as well as narrow gaps between pixels, which allow higher display resolution and better
intensity uniformity (Sun et al., 2005). Moreover, ultra-flat aluminum micro-mirrors enable
high modulation efficiency of illumination. In DMD-based systems, ultra-violet (UV) and
visible light radiation are used as shown in Figure 2.1. Planar resolution and depth-ofcure of the exposed layer depends on pixel size as well as photopolymer chemistry.
DLP printing systems can be divided into two fabrication configurations: fixed-surface
or free-surface as shown in Figure 2.2. In the free-surface method (also denoted as
top-down method), the photopolymer layer is cured at the surface of the vat and the
object is lowered from the surface to expose a fresh layer of photopolymer. This method
prints objects right side up. In the fixed-surface method (also denoted as bottom-up),
the photopolymer layer is selectively cured between the optically transparent bottom of
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(b)

Figure 2.2: Schematic comparison of the (a) fixed-surface and (b) free-surface DLP
fabrication methods (© Cullen and Price (2018), included with permission).
the vat and the previously cured layer. The build table is sequentially raised out of the
vat and the object grows upside down. The fixed-surface method necessitates that a
non-stick layer is applied to the window to prevent adhesion between the cured layer
and the window.
The fixed-surface configuration offers several advantages over the free-surface configuration. Mainly, the curing of the photosensitive resin is sealed from the oxygen-rich
environment. By eliminating the oxygen inhibition effect, the liquid photopolymer resin
can be cured faster (Fouassier, 1995). Furthermore, much smaller layer thicknesses
can be achieved and the object height is not dictated by the vat depth. Unfortunately,
the fixed-surface approach is incompatible with low stiffness materials as the layers will
tear apart during the peeling process (Madou, 2011).
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Figure 2.3: Illustration of photopolymerization process (Photopolymer, 2015).

2.1.3

Photopolymerization

Photopolymerization refers to the process of in situ, light-initiated formation of crosslinked polymer networks at physiological temperature and pH. In this process, light
is absorbed by a system of photoinitiators, photocrosslinking agents, monomers, and
oligomers and utilized to affect the formation of polymeric bonds as illustrated in Figure 2.3. Photoinitiator (PI) molecules absorb light in the UV–visible spectral range
(250–450 nm) and undergo photochemical cleavage to produce chemical energy in the
form of reactive species, such as free radicals and reactive cations, which subsequently
interact with functional monomers to produce cross-linked polymers. Methacrylate
monomers, Thiol-Ene, Thiol-Yne, epoxide, and ether-based systems are the most
well-explored monomeric chemistries for photopolymerization in light-based 3D printing
applications (Dixit et al., 2018). In order for a PI to undergo light absorption, the emission
spectrum from the light source must overlap with an absorption band of the PI, thereby
raising it to an electronically excited state by promoting an electron to higher energy
orbitals (Yagci et al., 2010; Bowman and Kloxin, 2008). Competition for light absorption
from other species in the formulation must be kept at a minimum for optimal curing.
Furthermore, the utility of a photoinitiating system is dependent on high polymerization
efficiency for the monomers and oligomers in the polymer formulation.
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Photopolymerization offers a number of unique advantages over conventional thermally induced polymerization. These include low energy consumption, low environmental pollution, fast polymerization rate, low polymerization temperature, and wide
adaptability. For the purposes of this study, a key aspect of photopolymerization informed
the employment of a light-based AM approach: precise temporal and spatial control
over where polymerization occurs. This allows the rapid prototyping and geometric
optimization of voided films known as ferroelectrets.

2.2
2.2.1

Polymer Electrets
Background

Polymer electrets are a class of dielectric EAPs capable of quasi-permanently storing
electric charges at their surface or in their bulk (Sessler and Broadhurst, 1998). Charge
storage in electrets is referred to as quasi-permanent to signify that the decay time
constants are substantially longer than the time period over which charge decay studies
are performed with the electret materials. Influential English physicist Oliver Heaviside
introduced the term electret in 1885 as a purely theoretical electrostatic analog to a magnet. While some materials were observed to quasi-permanently store charge in the early
20th century, research into polymer electrets did not pick up until the 1970s when excellent charge stability was demonstrated in poly(1,1,2,2-tetrafluoroethylene) (PTFE) and
strong piezo- and pyroelectric effects were observed in poly(1,1-difluoroethylene) (PVDF)
(Sessler and West, 1962; Kawai, 1969; McFee et al., 1972).
Polymer electrets are divided into two classifications: charge electrets and dipole
electrets. Homogeneous charge electrets are highly insulating and elastically isotropic
polymers that quasi-permanently trap excess charge at their surface (surface charge
electrets) or within their volume (space charge electrets) with negligible dielectric losses.
Poly(1,1,2,2-tetrafluoroethylene) (PTFE), also known as Teflon, and its copolymers are
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Figure 2.4: Schematic view of classification of charge electrets into homogeneous
polymers that carry excess charge at their (a) surface or (b) within their bulk. Heterogeneous charge electrets carry excess charge through (c) noncentrosymmetry of material
stiffness or (d) charged air-filled cavities (© Graz and Mellinger (2016), included with
permission).
well-studied electrets for storing negative charges due to large electronegativity of the F
atom and the highly symmetrical CF2 group with its small polarizability (Turnhout, 1975).
By contrast, heterogeneous charge polymers are engineered composite structures that
combine soft and hard electrets to produce a macroscopically noncentrosymmetrical
charge distribution. In the case of charge electrets, the excess charge is implanted from
external electrostatic discharge sources. Charge electrets are summarized in Figure 2.4.
Dipole electrets exhibit a quasi-permanent charge polarization by means of a preferential geometric alignment of their molecular dipoles. The spontaneous electrical
polarizations are switchable by an external electric field (Carpi, 2010). Dipole electrets
are the intuitive analogue of magnetic materials and hence are referred to as ferroelectric
materials. Unlike conventional charge electrets, an electret composed of a polarized
ferroelectric material is electrically neutral as a system. By forming a capacitor with
positive and negative charges on opposite surfaces generating equal but oppositely
directed electric fields, the net electric field outside the ferroelectric film vanishes to
zero (Asanuma et al., 2013). Examples of dipole electrets are vinylidenecyanide vinylacetate copolymers (P(VDCN-VAc)), polyurethanes (PU), and most popularly, poly(1,1-
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Figure 2.5: Schematic view of the piezoelectric effect in the 33-direction in dipole
electrets. (a) Undisturbed, an electret film does not generate movement of charges
(current). (b) Compressive mechanical excitation in the thickness direction produces
current in one direction while (c) tensile mechanical stress produces current in the
opposite direction (© Wan and Bowen (2017), included with permission).
difluoroethylene) (PVDF) and its copolymers with trifluoroethylene (P(VDF-TrFE)).
As electromechanical transducers, the application of electrets as a functional EAP
material extends to acoustic devices such as microphones and loudspeakers, touch
or key transducers, display devices, switches, and relays (Kestelman et al., 2013).
In characterizing electret performance, two properties dominate: charge stability and
piezoelectricity. While theoretical explanations for charge trapping and stability vary for
different electrets types, a commonly held view is that charges are held in “traps” with
an energy depth of at least 1 eV, since charges in shallower traps (trap depth « 1 eV)
have a high thermal activation rate (Małecki, 1999; Olthuis and Bergveld, 1992). This
explains the thermal and temporal stability that distinguishes charge electrets. From
measurements at elevated temperature, room temperature life-times in the range of 103
to 105 years have been extrapolated (Xia et al., 1999).
Piezoelectricity refers to a material’s ability to generate an internal electric field when
subjected to mechanical stress or strain, essentially converting electric or magnetic
fields into mechanical displacement and vice versa. This reversible effect is the result
of a direct relationship between the stress and the polarization density of the bulk
material and is fundamental to the use of EAPs as sensors, actuators, and energy
harvesters (Newnham, 2005). Notably, the piezoelectricity of electret polymers is
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anisotropic, dependent on both the direction of applied mechanical or electrical force
and the directions perpendicular to the applied force. For electromechanical transduction,
the most important parameter for characterization of the piezoelectric effect is the d33
coefficient, since it can be two orders of magnitude larger than other piezoelectric
coefficients, such as d31 and d32 (Thyssen, 2016). d33 describes the induced polarization
in the cross-sectional direction (direction 3) per unit stress applied in direction 3. The
values are reported with units of pC /N. The piezoelectric effect in the d33 direction is
shown in Figure 2.5.
Owing to the significant promise in charge stability and piezoelectricity shown by
ferroelectret materials in the literature, this EAP will be studied as the basis of an energy
harvesting device in this work.

2.2.2

Ferroelectrets

As introduced in Figure 2.4, ferroelectrets refer to heterogeneous charge electrets whose
piezoelectricity arises from electrostatically charged air cavities behaving as dipoles
within the polymer matrix (e.g. polymer foams). In addition to pronounced piezoelectric
effects, these cellular polymers exhibit low permittivity, low thermal conductivity, softness,
flexibility, and an impedance much closer to air and water than solid materials (Sessler
and Broadhurst, 1998). Research into the preparation, characterization, and engineering
of ferroelectret materials gathered pace in the 1990s after experimental work on coronacharging of cellular polypropylene (PP) films from Dr. Kirjavainen’s group at Tampere
University of Technology validated theoretical predictions of piezoelectric behaviour in
internally charged heterogeneous polymer systems (Kari Kirjavainen, 1987).
A polymer foam behaves as a piezoelectric ferroelectret when the internal cavities are
charged by applying a high poling voltage across the polymer film. This causes Dielectric
Barrier Discharges (DBD) in the air within the cavity that deposit opposing charges on
the internal surfaces of the voids. The cavity behaves as a macroscopic dipole which,
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Figure 2.6: Top: SEM of cross section of cellular PP film. Bottom: Schematic view of
trapped charges in cells (Reproduced from Bauer et al. (2004), with the permission of
the American Institute of Physics).
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in conjunction with many other charged voids, produce a piezoelectric effect from the
geometric deformation of these charged cells. Strain in the 3-direction produces a
thickness decrease that occurs predominantly in the voids, decreasing the macroscopic
dipole moment by bringing internal charges on the internal void surface closer and
consequently lowering the charge on the electrodes. Opposite strain produces an
inverse effect.
At this juncture, it is imperative to clearly distinguish ferroelectrets from ferroelectrics.
The two classes of electrets exhibit many similarities: they are piezoelectric, their
polarization can be reversed by an external electric field, and hysteretic effects can be
observed. Ferroelectrics are polar dielectrics with a permanent dipole polarization owing
to a crystalline structure. They belong to the family of dipole electrets. Ferroelectrics like
PVDF are well-studied and comprise many of the piezoelectric devices in the literature.
However, ferroelectrets are a nonpolar electret that is polarized externally by a high
voltage potential across the air-gap structure. They belong to the family of charge
electrets. The piezoelectricity of ferroelectrics arises from ion displacement in a lattice
while that of ferroelectrets comes from the deformation of charged air voids.
Figure 2.6 shows the typical geometry of voids in the most well-studied ferroelectret,
polypropylene (PP). It can be seen that the cavities in cellular PP foams suffer from
varying aspect ratios and uncontrolled size and shape distribution so that only some
cavities are optimal for charging and transducer operation. Cells with thinner walls result
in a lower Young’s modulus of the polymer film, leading to more effective piezoelectric
behaviour (Wegener et al., 2004). The relationship between the piezoelectric activity
and elastic stiffness roughly follows a U-shape as shown in Figure 2.7: as the voids
stretch from a circular cross-sectional geometry to a lens-shaped cell, the piezoelectric
coefficient decreases to a minimum before rebounding upwards at the flat cell shape.
Elastic stiffness trends inversely to piezoelectric activity as the cell shape stretches
laterally. The preference for elongated pores normal to the direction of polarization
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Figure 2.7: Typical variation of piezoelectric activity (black) and elastic stiffness (red)
as a function of ferroelectret sample density. Corresponding cavity sizes overlayed
(© Wegener et al. (2005), included with permission).
is attributed to both the reduction of material stiffness and breakdown voltage as well
as the maximization of area for charging. As a fundamental feature of polymer ferroelectrets, cell geometry must be optimized to achieve the desired electromechanical
properties. For device design and fabrication, there is an incentive to fabricate, with
good reproducibility, films with well-controlled uniform distributions of cavity size and
shape (Carpi, 2010). This work hypothesizes that uniformly distributed voids produce a
spatially uniform distribution of surface charges.

2.2.3

Materials: synthesis and processing

As mentioned earlier, cellular PP is the most prominent ferroelectret in the literature
due to its ease of processing and high piezoelectricity. Many cellular polymer films and
foamed polymer film systems have been developed as ferroelectrets in the years since
Dr. Kirjavainen’s work with PP. These cellular films are comprised from different polymer
groups and are summarized in Table 2.1.
Traditionally, two methods have been employed to produce films of foamed polymers
at an industrial scale. The first approach is foam extrusion. In foam extrusion, a chemical
nucleating agent (such as azodicarbonamide) or physical nucleating agents (such as
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Table 2.1: Material parameters of polymer ferroelectrets: film thickness t, resonance frequency fp , elastic modulus c33 , piezoelectric
coefficient d33 , and continuous service temperature (CST).
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Figure 2.8: Schematic view of bi-axial stretching foaming (top) and foam extrusion
process (bottom) (© Wegener (2010), included with permission).
silica pellets) are supplied to molten polymer under high pressure. A blowing agent,
often supercritical CO2 , is injected into the polymer during this process. When pressure
drops upon exiting the extruder head, bubbles appear and grow, causing the cellular
structure of the polymer foam (Nalawade et al., 2006). The second approach is the
bi-axial stretching of polymers loaded with tiny mineral particles that serve as stress
concentrators for microcrack formation. Delamination at the interface between the
polymer and filler creates a lens-shaped cell in the polymer matrix. This process also
requires precise control over manufacturing parameters to achieve satisfactory foam
films (Raukola, 1998). A noteworthy advantage of foam extrusion is the ability to adjust
the size of cavities through manipulation of process parameters like temperature and
pressure. These processes are illustrated in Figure 2.8.
Variance in the piezoelectric d33 coefficient of ferroelectret films is dependent on
many factors. Firstly, traditional foaming practices produce varying cavity sizes and
geometries in different materials. The variance in d33 coefficient shown in Table 2.1
reflects this. Secondly, the thermal stability of charge storage varies between materials.
The reason for this variance is not well understood (Fang et al., 2007; Mellinger et al.,
2006). Therefore, ferroelectret materials generally have a small thermal bandwidth
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Figure 2.9: Schematic view of charging process in polymer ferroelectrets (© Wegener
(2010), included with permission).
in which piezoelectricity is maximized. Thirdly, ionization gas and pressure can influence the d33 coefficient substantially. Paajanen et al. (2001) conducted the seminal
investigation on this effect and concluded that more efficient charge separation inside
a cellular polymer is possible with elevated ambient gas pressure during charging.
Higher electrical breakdown strength gases such as N2 within the cells also increase
d33 . Lastly, the charging parameters of cellular polymers is a fundamental determinant
of the piezoelectric performance of ferroelectret films and therefore will be explored
independently.

2.2.4

Electrostatic charging

All charge electrets need to be poled to achieve piezoelectricity. A strong electric field
applied by means of a high voltage across the faces of a ferroelectret film produces DBDs
in the voids as shown in Figure 2.9. During a DBD, opposite charges are separated and
trapped within the internal cell on the top and bottom surfaces to create an engineered
macroscopic dipole within each cell in the polymer matrix. The dipole moment can be
changed by electrically or mechanically stressing the film, giving a ferroelectret film
observable piezoelectricity. Moreover, this dipole can be reversed by sufficiently high
electric fields.
The separation and trapping of charges in a ferroelectret void during a DBD is due
to a phenomenon known as Paschen breakdown, named after Friedrich Paschen. The
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maximum electric field that a dielectric material can withstand without conduction is
known as the dielectric strength of that material and is expressed in V · m−1 . During
Paschen breakdown, the dielectric material becomes conducting once the electric field
exceeds the dielectric strength. This occurs by a process called the electron avalanche
effect, whereby electrons accelerated by the strong electric field collide with the atomic
or molecular structure, creating more free electrons by ionization and leading to further
electrical breakdown of the dielectric material (Suleebka and Rau, 1972). Large currents
are possible at breakdown and are often accompanied by an electro-luminiscent arc
discharge. The current pulses across the air-gap in the cells are self-extinguished
due to the charging of the dielectric material and the subsequent reduction of the net
electric field below the breakdown threshold (Bauer et al., 2005). A direct proof of this
internal charging of cavities is provided with scanning electron microscopy (SEM) or
spectroscopic analysis of the light emissions from DBDs (Qiu et al., 2011).
In a voided polymer film, Paschen breakdown produces microdischarges in the
cells when the applied electric field exceeds the dielectric strength of the gas in the
cell. Charging using AC voltage creates cyclic behaviour as breakdown occurs every
half-cycle when the threshold of the gas is exceeded. The direction of the microscopic
dipoles switches from each half cycle to the next half cycle as shown in Figure 2.10. An
electro-hysteresis effect is also observed. Charging using DC voltage demonstrates the
increase in macrodipole strength as the poling voltage is ramped up. Once the threshold
breakdown voltage is exceeded, increased frequency and strength of DBDs produce a
stronger piezoelectric effect (and brighter electroluminescence). A plateau is reached
when complete breakdown of the gas in the voids occurs and stronger electric fields only
serve to damage the dielectric polymer material. Ramping down of the voltage results in
a recombination of charges in the voids, lowering the piezoelectric effect at the same
rate as the upward voltage as shown in Figure 2.11. Interestingly, electroluminescence
is also observed when charges recombine in the voids during the downward voltage.
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FIG. 1. Schematic of dielectric barrier microdischarges in a foam. If the
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Charging of ferroelectret films can be accomplished with two methods: contact poling
or corona discharge. Corona treatment is a high-voltage surface modification technique
that uses a low temperature corona discharge plasma to impart charges on the surface
of a film (Niaounakis, 2015). Deposited charges result from the ionization of the atmosphere by high-frequency discharges between electrodes at a high potential difference.
The high potential difference between the electrodes accelerates the generated charges
towards the film surface. The charges remain on the surface generating a poling electric
field between the top surface and the ground. Contact poling refers to the application an
electric field by means of a high voltage applied to electrodes on both surfaces of the
film. Often, contact poling must be done at elevated temperatures to achieve maximum
polarization. The process of corona treatment is more amenable to film imperfections,
electrodes are not required, and large samples may be poled. However, it is considerably
more difficult to set up and optimize than the contact method. Contact poling has the
advantage of ease of AC voltage application.

2.3

Energy harvesting

Energy harvesting is a rapidly expanding field of research focusing on the scavenging of
micro amounts of wasted energy from the ambient environment, such as vibration, heat,
light, and radiation, and converting it into electrical energy. Great advancements in the
development of low-power integrated circuits (IC) and wireless communication modules
have made energy harvesting schemes attractive. Kinetic energy harvesting using EAPs
encompasses three major transduction mechanisms: piezoelectric, electromagnetic,
and electrostatic. While electromagnetic and electrostatic methods are outside the
scope of this work, piezoelectric energy harvesting using ferroelectret films developed
using AM techniques constitutes the central thesis of this study.
It is critical to disentangle the two domains of the piezoelectric effect in order to
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introduce a discussion on piezoelectric energy harvesting. The direct piezoelectric
effect refers to a material’s ability to transform mechanical strain into electrical charge,
enabling its function as a sensor and energy harvester. The converse piezoelectric
effect describes the ability to convert an applied voltage into mechanical strain; this is
the actuator method of transduction and is outside the scope of this work. R.S. Dahiya
and M. Valle provide a comprehensive overview of mathematical and material models
describing the piezoelectric effect in Appendix A of their textbook (Dahiya and Valle,
2012). A systematic review of the state of the art in the field of energy harvesting is
made more difficult by the lack of uniformity in the characterization of the developed
devices. Studies report outputs in using varying figures of merit (peak voltage, power,
J · cm−3 , etc.) under arbitrary testing loads and frequencies.
Historically, the phenomenon of piezoelectric energy harvesting in EAPs was investigated in films of poled ferroelectric polymers such as PVDF and its co-polymers.
These films demonstrate good stability, deformability, ductility, and suitability for wearable
applications. It is critical to systemically evaluate the efficiency of the energy harvesting medium to design devices aligned with materials’ piezoelectric anisotropy. Sohn
et al. (2005) conducted theoretical and finite element method (FEM) studies of energy
generation using PVDF films in the 31- and 33-directions for different film thickness
and geometries. They concluded that power generated in the 31-direction is two orders
of magnitude lower than that in the 33-direction. Thickness, geometry, and operating
frequency can be optimized in their models. The amount of energy harvested is also
dependent on the circuit resistive load and magnitude of applied cyclical stress. The
energy output of individual ferroelectric films is in the order of magnitude of ∼ 10 µW at
deformation frequencies of 60–100 Hz, thereby necessitating the stacking of multiple
films for useful energy harvesting (Elvin et al., 2001; Cao et al., 2011; Patel et al., 2010;
Kim and Yun, 2017; Park et al., 2017). The relatively low power output of ferroelectric
films is due to their correspondingly low d33 . The d33 coefficient of PVDF is in the range
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Figure 2.12: Schematic view of polymer ferroelectret deployed in a 33-directed energy
harvesting configuration (© Zhang et al. (2019), included with permission).
of 20–30 pC/N (Qi and McAlpine, 2010).
Energy harvesting in polymer ferroelectrets has a significantly smaller but growing
body of literature. The working mechanism of energy harvesting in a voided polymer
in the 33-direction is shown in Figure 2.12. Naturally, cellular PP films are the most
ubiquitously studied ferroelectrets in energy harvesting literature. 70 µm PP films are
often stacked and corona charged at voltages of 20–35 kV for one minute. Power
generated values reported in the literature for these systems are in the ∼100 µW order
of magnitude for 10–80 g masses and agitation frequencies of 40–120 Hz (Luo et al.,
2015; Ma and Zhang, 2017; Kachroudi et al., 2016b; Sessler et al., 2016; Pondrom et al.,
2016).
Artificially voided ferroelectrets have also been engineered for energy harvesting
applications. Fluoroethylenepropylene (FEP) is a fluoropolymer that, when foamed,
exhibits piezoelectric performance similar to cellular PP but with much higher thermal
stability. Zhang et al. (2018) engineered sandwiched FEP films using the process shown
in Figure 2.13. Furthermore, they compared their performance with identically designed
PVDF energy harvesters and found that both devices’ power outputs fare similarly under
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Figure 2.13: Schematic view of engineered FEP ferroelectret fabrication process
(© Zhang et al. (2016), included with permission).
resonant frequency but the FEP ferroelectret performs significantly better than PVDF
in the bandwidth surrounding the resonant frequency. With a seismic mass of 2 g and
input acceleration of 1g, a power output of about 200 µW was achieved at a resonance
frequency of about 30 Hz with the FEP piezoelectrets. Wang et al. (2015) used a similar
FEP ferroelectret design and reported output power of 3.5 µWg −2 at a load resistance
of 0.9 MΩ, vibration frequency of 650 Hz, and a seismic mass of 44.1 g. Those two
groups recently collaborated to produce an in-depth characterization and optimization of
their unified design.
Ferroelectrets fabricated from silicon-based dielectric elastomers have also been
engineered for energy harvesting applications. Kachroudi et al. (2016a) utilized a
moulding process to produce microstructured layers with regularly distributed cylindrical
micro-cavities 40 µm in height and 100 µm in diameter. The films were poled using a
corona treater and affixed to a siesmic mass in a cantilever configuration. Power outputs
in the order of ∼0.1 µW were observed for frequencies ranging from 5 Hz to 200 Hz.
Significant work by Wang et al. (2012) produced cellular polydimethylsiloxane (PDMS)
with various void geometries using a MEMS micromachining technique outlined in
Figure 2.14. Although these devices were not evaluated for their energy harvesting
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where c33 is the elastic modulus of PDMS, A1 and A2 are the
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Figure 3 illustrates the fabrication process of the presented
cellular piezoelectric PDMS films. First of all, a layer of
50 μm thick photoresist (SU-8, MicroChem) is spin-coated
and patterned on top of a blank silicon wafer to fabricate
28
the mold used for duplicating the cellular microstructures.

(e)

(f)

(b)

(d)

(g)
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Figure 3. Schematic illustration of the proposed fabrication process.

Figure 2.14: Schematic view of engineered PDMS ferroelectret fabrication process
3
(© Wang et al. (2012), included with permission).
behaviour, they exhibited extreme piezoelectric behaviour as evidenced by a d33 of
300 pC/N, ten times that of PVDF. Furthermore, this design was thermally stable
and harnessed the low elastic modulus of PDMS, making it an effective piezoelectric
transducer. This lends further credibility to the need for cavity uniformity to control and
optimize the piezoelectric properties of polymer ferroelectrets.
In the context of this work, the objective is to demonstrate a level of energy harvesting
capable of sustaining low-power electronics. Generally, ∼100 mW are necessary for a
low-power IC chip. The devices discussed above do not approach these output levels
and therefore it is imperative to realize there is a long way before diminishing power
consumption and improving energy harvesting intersect. Furthermore, bridging this gap
is not only a function of improving piezoelectric performance. A multi-faceted approach
that includes complex frequency analysis, careful design of power management circuitry,
and optimization of energy storage devices is needed.
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Chapter summary

This chapter discusses the necessary background information on the additive manufacturing processes and polymer electrets upon which this thesis builds. A review of
the state-of-the-art in electret literature introduced the electromechanical properties
of these materials. Ferroelectrets are a novel type of charge electret that has shown
significant promise as piezoelectric transducers. Control of the geometric properties
and charging conditions of films of ferroelectrets for energy harvesting applications is
the central motivation of this study.

List of references
Altafim, R. A. C., Basso, H. C., Altafim, R. A. P., Lima, L., de Aquino, C. V., Neto, L. G.
and Gerhard-Multhaupt, R. (2006), ‘Piezoelectrets from thermo-formed bubble structures of fluoropolymer-electret films’, IEEE Transactions on Dielectrics and Electrical
Insulation 13(5), 979–985.
Asanuma, H., Oguchi, H., Hara, M., Yoshida, R. and Kuwano, H. (2013), ‘Ferroelectric dipole electrets for output power enhancement in electrostatic vibration energy
harvesters’, Applied Physics Letters 103(16), 162901.
ASTM (2015), ‘Standard terminology for additive manufacturing – general principles –
terminology’, ASTM International pp. 1–9.
Bauer, S., Bauer-Gogonea, S., Camacho-Gonzales, F., Dansachmuller, M., Graz, I.,
Kaltenbrunner, M., Leonhartsberger, J. G. and Schwodiauer, R. (2005), Ferroelectrets:
polymer-foam space-charge electrets with ferroelectric-like behaviour, in ‘2005 12th
International Symposium on Electrets’, pp. 24–27.

LIST OF REFERENCES

30

Bauer, S., Gerhard-Multhaupt, R. and Sessler, G. M. (2004), ‘Ferroelectrets: Soft
Electroactive Foams for Transducers’, Physics Today 57(2), 37–43.
Billiet, T., Vandenhaute, M., Schelfhout, J., Vlierberghe, S. V. and Dubruel, P. (2012), ‘A
review of trends and limitations in hydrogel-rapid prototyping for tissue engineering’,
Biomaterials 33(26), 6020–6041.
Bowman, C. N. and Kloxin, C. J. (2008), ‘Toward an enhanced understanding and
implementation of photopolymerization reactions’, AIChE Journal 54(11), 2775–2795.
Cao, Z., Zhang, J. and Kuwano, H. (2011), ‘Vibration energy harvesting characterization
of 1 cm2poly(vinylidene fluoride) generators in vacuum’, Japanese Journal of Applied
Physics 50(9 PART 3), 1–5.
Carpi, F. (2010), ‘Electromechanically Active Polymers’, Polymer International 59(3), 277–
278.
Cullen, A. T. and Price, A. D. (2018), ‘Digital light processing for the fabrication of 3D
intrinsically conductive polymer structures’, Synthetic Metals 235, 34–41.
Dahiya, R. S. and Valle, M. (2012), Robotic Tactile Sensing: Technologies and System,
Springer Netherlands.
Dixit, C. K., Kadimisetty, K. and Rusling, J. (2018), ‘3D-printed miniaturized fluidic tools
in chemistry and biology’, TrAC Trends in Analytical Chemistry 106, 37–52.
Elvin, N. G., Elvin, A. A. and Spector, M. (2001), ‘A self-powered mechanical strain
energy sensor’, Smart Materials and Structures 10(2), 293–299.
Fang, P., Wegener, M., Wirges, W., Gerhard, R. and Zirkel, L. (2007), ‘Cellular
polyethylene-naphthalate ferroelectrets: Foaming in supercritical carbon dioxide,
structural and electrical preparation, and resulting piezoelectricity’, Applied Physics
Letters 90(19), 192908.

LIST OF REFERENCES

31

Fouassier, J.-P. (1995), Photoinitiation, Photopolymerization, and Photocuring: Fundamentals and Applications, Hanser.
Graz, I. and Mellinger, A. (2016), Polymer Electrets and Ferroelectrets as EAPs: Fundamentals, Springer International Publishing, Cham, pp. 1–10.
Hillenbrand, J., Xia, Z., Zhang, X. and Sessler, G. M. (2002), Piezoelectricity of cellular
and porous polymer electrets, in ‘Proceedings. 11th International Symposium on
Electrets’, pp. 46–49.
Kachroudi, A., Basrour, S., Rufer, L. and Jomni, F. (2016a), ‘Air-spaced PDMS piezoelectret cantilevers for vibration energy harvesting’, Journal of Physics: Conference
Series 773(1), 1–5.
Kachroudi, A., Basrour, S., Rufer, L. and Jomni, F. (2016b), Piezoelectric characterizations of piezo-electret PDMS material for energy harvesting, in ‘6èmes Journées
Nationales sur la Récupération et le Stockage d’Energie (JNRSE’16)’, Bordeaux,
France.
Kari Kirjavainen (1987), ‘Electromechanical film and procedure for manufacturing same’.
Kawai, H. (1969), ‘The Piezoelectricity of Poly (vinylidene Fluoride)’, Japanese Journal
of Applied Physics 8(7), 975–976.
Kestelman, V. N., Pinchuk, L. S. and Goldade, V. A. (2013), Electrets In Engineering:
Fundamentals and Applications, Springer US.
Kim, M. and Yun, K. S. (2017), ‘Helical piezoelectric energy harvester and its application
to energy harvesting garments’, Micromachines 8(4), 1–14.
Lindner, M., Bauer-Gogonea, S., Bauer, S., Paajanen, M. and Raukola, J. (2002), ‘Dielectric barrier microdischarges: Mechanism for the charging of cellular piezoelectric
polymers’, Journal of Applied Physics 91(8), 5283–5287.

LIST OF REFERENCES

32

Luo, Z., Zhu, D., Shi, J., Beeby, S., Zhang, C., Proynov, P. and Stark, B. (2015), ‘Energy
harvesting study on single and multilayer ferroelectret foams under compressive force’,
IEEE Transactions on Dielectrics and Electrical Insulation 22(3), 1360–1368.
Ma, X. and Zhang, X. (2017), ‘Low cost electrostatic vibration energy harvesters based
on negatively-charged polypropylene cellular films with a folded structure’, Smart
Materials and Structures 26(8), 85001.
Madou, M. J. (2011), Manufacturing Techniques for Microfabrication and Nanotechnology, CRC Press.
Małecki, J. A. (1999), ‘Linear decay of charge in electrets’, Phys. Rev. B 59, 9954–9960.
McFee, J. H., Bergman, J. G. and Crane, G. R. (1972), ‘Pyroelectric and nonlinear
optical properties of poled polyvinylidene fluoride films’, IEEE Transactions on Sonics
and Ultrasonics 19(2), 305–314.
Mellinger, A., Wegener, M., Wirges, W., Mallepally, R. R. and Gerhard-Multhaupt,
R. (2006), ‘Thermal and temporal stability of ferroelectret films made from cellular
polypropylene/air composites’, Ferroelectrics 331, 189–199.
Nalawade, S. P., Picchioni, F. and Janssen, L. (2006), ‘Supercritical carbon dioxide as a
green solvent for processing polymer melts: Processing aspects and applications’,
Progress in Polymer Science 31(1), 19–43.
Newnham, R. E. (2005), Properties of Materials: Anisotropy, Symmetry, Structure, OUP
Oxford.
Niaounakis, M. (2015), Chapter 8 - Surface Treatment, in M. Niaounakis, ed., ‘Biopolymers: Processing and Products’, William Andrew Publishing, Oxford, pp. 303–326.
Olthuis, W. and Bergveld, P. (1992), ‘On the charge storage and decay mechanism in
silicon dioxide electrets’, IEEE Transactions on Electrical Insulation 27(4), 691–697.

LIST OF REFERENCES

33

Paajanen, M., Wegener, M. and Gerhard-Multhaupt, R. (2001), ‘Understanding the role
of the gas in the voids during corona charging of cellular electret films - a way to
enhance their piezoelectricity’, Journal of Physics D: Applied Physics 34(16), 2482–
2488.
Park, S., Kim, Y., Jung, H., Park, J.-Y., Lee, N. and Seo, Y. (2017), ‘Energy harvesting
efficiency of piezoelectric polymer film with graphene and metal electrodes’, Scientific
Reports 7(1), 1–8.
Patel, I., Siores, E. and Shah, T. (2010), ‘Utilisation of smart polymers and ceramic
based piezoelectric materials for scavenging wasted energy’, Sensors and Actuators
A: Physical 159(2), 213–218.
Photopolymer (2015).
Pondrom, P., Sessler, G. M., Bös, J. and Melz, T. (2016), ‘Compact electret energy
harvester with high power output’, Applied Physics Letters 109(5).
Qi, Y. and McAlpine, M. C. (2010), ‘Nanotechnology-enabled flexible and biocompatible
energy harvesting’, Energy Environ. Sci. 3(9), 1275–1285.
Qiu, X., Gerhard, R. and Mellinger, A. (2011), ‘Turning polymer foams or polymer-film
systems into ferroelectrets: dielectric barrier discharges in voids’, IEEE Transactions
on Dielectrics and Electrical Insulation 18(1), 34–42.
Qiu, X., Mellinger, A., Wegener, M., Wirges, W. and Gerhard, R. (2007), ‘Barrier
discharges in cellular polypropylene ferroelectrets: How do they influence the electromechanical properties?’, Journal of Applied Physics 101(10).
Raukola, J. I. (1998), ‘A new technology to manufacture polypropylene foam sheet and
biaxially oriented foam film’, VTT Publications (361).

LIST OF REFERENCES

34

Saarimaki, E., Paajanen, M., Savijarvi, A., Minkkinen, H., Wegener, M., Voronina, O.,
Schulze, R., Wirges, W. and Gerhard-Multhaupt, R. (2006), ‘Novel heat durable
electromechanical film: processing for electromechanical and electret applications’,
IEEE Transactions on Dielectrics and Electrical Insulation 13(5), 963–972.
Sborikas, M., Qiu, X., Wirges, W., Gerhard, R., Jenninger, W. and Lovera, D. (2014),
‘Screen printing for producing ferroelectret systems with polymer-electret films and
well-defined cavities’, Applied Physics A 114(2), 515–520.
Sessler, G. H. and Broadhurst, M. G. (1998), Electrets, number v. 1 in ‘Electrets’, 3 edn,
Laplacian Press, Berlin.
Sessler, G. M., Pondrom, P. and Zhang, X. (2016), ‘Stacked and folded piezoelectrets
for vibration-based energy harvesting’, Phase Transitions 89(7-8), 667–677.
Sessler, G. M. and West, J. E. (1962), ‘Self-Biased Condenser Microphone with High
Capacitance’, The Journal of the Acoustical Society of America 34(11), 1787–1788.
Sohn, J. W., Choi, S. B. and Lee, D. Y. (2005), ‘An investigation on piezoelectric energy
harvesting for MEMS power sources’, Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering Science 219(4), 429–436.
Suleebka, P. and Rau, R. S. N. (1972), ‘The mechanism of electrical breakdown of
gases, initiated by a large number of electrons’, Journal of Physics D: Applied Physics
5(11), 2055–2063.
Sun, C., Fang, N., Wu, D. M. and Zhang, X. (2005), ‘Projection micro-stereolithography
using digital micro-mirror dynamic mask’, Sensors and Actuators A: Physical
121(1), 113–120.
Tajitsu, Y. (2011), ‘Piezoelectric Properties of Ferroelectret’, Ferroelectrics 415(1), 57–
66.

LIST OF REFERENCES

35

Thomas, D. and Gilbert, S. (2014), ‘Costs and Cost Effectiveness of Additive Manufacturing - A Literature Review and Discussion’, NIST Special Publication 1176, 1–77.
Thyssen, A. (2016), Charge distribution and stability in electret materials, PhD thesis.
Turnhout, J. V. (1975), ‘The use of polymers for electrets’, Journal of Electrostatics
1(2), 147–163.
Vaezi, M., Seitz, H. and Yang, S. (2013), ‘A review on 3D micro-additive manufacturing
technologies’, International Journal of Advanced Manufacturing Technology 67(58), 1721–1754.
Voronina, O., Wegener, M., Wirges, W., Gerhard, R., Zirkel, L. and Münstedt, H. (2008),
‘Physical foaming of fluorinated ethylene-propylene (FEP) copolymers in supercritical carbon dioxide: single-film fluoropolymer piezoelectrets’, Applied Physics A
90(4), 615–618.
Wan, C. and Bowen, C. R. (2017), ‘Multiscale-structuring of polyvinylidene fluoride for
energy harvesting: the impact of molecular-, micro- and macro-structure’, Journal of
Materials Chemistry A 5(7), 3091–3128.
Wang, J.-J., Hsu, T.-H., Yeh, C.-N., Tsai, J.-W. and Su, Y.-C. (2012), ‘Piezoelectric
polydimethylsiloxane films for MEMS transducers’, Journal of Micromechanics and
Microengineering 22(1), 015013.
Wang, Y., Wu, L. and Zhang, X. (2015), ‘Energy harvesting from vibration using flexible
floroethylenepropylene piezoelectret films with cross-tunnel structure’, IEEE Transactions on Dielectrics and Electrical Insulation 22(3), 1349–1354.
Wegener, M. (2010), Piezoelectric polymer foams: transducer mechanism and preparation as well as touch-sensor and ultrasonic-transducer properties, in ‘Behavior and

LIST OF REFERENCES

36

Mechanics of Multifunctional Materials and Composites 2010’, Proc. SPIE, San Diego,
California.
Wegener, M., Wirges, W. and Gerhard-Multhaupt, R. (2005), ‘Piezoelectric Polyethylene
Terephthalate (PETP) Foams – Specifically Designed and Prepared Ferroelectret
Films’, Advanced Engineering Materials 7(12), 1128–1131.
Wegener, M., Wirges, W., Gerhard-Multhaupt, R., Dansachmüller, M., Schwödiauer,
R., Bauer-Gogonea, S., Bauer, S., Paajanen, M., Minkkinen, H. and Raukola, J.
(2004), ‘Controlled inflation of voids in cellular polymer ferroelectrets: Optimizing
electromechanical transducer properties’, Applied Physics Letters 84(3), 392–394.
Wirges, W., Wegener, M., Voronina, O., Zirkel, L. and Gerhard-Multhaupt, R. (2007),
‘Optimized Preparation of Elastically Soft, Highly Piezoelectric, Cellular Ferroelectrets
from Nonvoided Poly(ethylene Terephthalate) Films’, Advanced Functional Materials
17(2), 324–329.
Xia, Z., Gerhard-Multhaupt, R., Künstler, W., Wedel, A. and Danz, R. (1999), ‘High
surface-charge stability of porous polytetrafluoroethylene electret films at room and
elevated temperatures’, Journal of Physics D: Applied Physics 32(17), L83—-L85.
Xunlin, Q., Zhongfu, X. and Feipeng, W. (2007), ‘Piezoelectricity of single-and multilayer cellular polypropylene film electrets’, Frontiers of Materials Science in China
1(1), 72–75.
Yagci, Y., Jockusch, S. and Turro, N. J. (2010), ‘Photoinitiated Polymerization: Advances,
Challenges, and Opportunities’, Macromolecules 43(15), 6245–6260.
Zhang, X., Hillenbrand, J. and Sessler, G. M. (2004), ‘Piezoelectric d33 coefficient of
cellular polypropylene subjected to expansion by pressure treatment’, Applied Physics
Letters 85(7), 1226–1228.

LIST OF REFERENCES

37

Zhang, X., Hillenbrand, J. and Sessler, G. M. (2006), ‘Thermally stable fluorocarbon
ferroelectrets with high piezoelectric coefficient’, Applied Physics A: Materials Science
and Processing 84(1-2), 139–142.
Zhang, X., Pondrom, P., Sessler, G. M. and Ma, X. (2018), ‘Ferroelectret nanogenerator
with large transverse piezoelectric activity’, Nano Energy 50(April), 52–61.
Zhang, X., Pondrom, P., Wu, L. and Sessler, G. M. (2016), ‘Vibration-based energy
harvesting with piezoelectrets having high d31 activity’, Applied Physics Letters
108(19), 193903.
Zhang, Y., Bowen, C. R., Ghosh, S. K., Mandal, D., Khanbareh, H., Arafa, M. and Wan,
C. (2019), ‘Ferroelectret materials and devices for energy harvesting applications’,
Nano Energy 57, 118–140.

Chapter 3
Development of hybrid photopolymer
ferroelectret using DLP method
This chapter outlines the development of a polymer ferroelectret structure using DLP
manufacturing methods to finely control the geometry and distribution of a layer of
micron-scale voids within the film cross-section. To optimize the printing parameters of
the DLP system for this task, preliminary investigation into resin photochemistry and
instrument specifications is undertaken. A detailed electromechanical characterization
follows to verify the prototyping suitability of the chosen resin. Furthermore, the proposed
design presented in this chapter attempts to optimize the tradeoffs in printing limitations,
ferroelectret deformability, and piezoelectric performance.
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Characterization of DLP printer and photocurable
resin

3.1.1

Instrument and printing parameters

A commercial bench-top DLP printer (B9Creations LLC., USA) was employed in the
additive manufacturing of photopolymeric ferroelectret elements. The B9Creator v1.2
shown in Figure 3.1 is a versatile printer consisting of a projector oriented upwards
and illuminating a print chamber through a transparent acrylic window in a sequential
layer-by-layer configuration. In the print chamber are a vat, build plate, and motor-driven
threaded rod. The vat holds the photocurable resin and consists of the aforementioned
acrylic window coated on the inside with a polydimethylsiloxane (PDMS) layer. PDMS is
a transparent, oxygen-permeable elastomer that acts as a non-stick coating to reduce
adhesion between the cured polymer layer and the window. This is done by aerating the
PDMS layer with an automated sweeper mechanism prior to the curing of every layer to
replenish the oxygen within the film. The oxygen reacts with radicals generated from
the photoinitiators within the resin to inhibit polymerization and create an uncured dead
zone at the interface with the window. This interfacial layer is viscous and drastically
reduces peeling forced between the build plate and the window.
The build plate is a stainless steel platform fastened on one side with thumb screws
to a precisely actuated arm. The opposite side, a flat face oriented downwards and
parallel to the acrylic window, is where the cured layers adhere and grow. The build
plate must be calibrated to sit flush with the PDMS layer to ensure the lateral uniformity
of the cured photopolymer upon 2D image exposure from the projector. As this is a
fixed-surface fabrication method, the print grows inverted as the arm is raised by a
length equal to the predetermined slice thickness. The threaded rod to which the arm is
attached is precisely controlled by a stepper motor located underneath the print chamber.
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Figure 3.1: B9Creator v1.2 DLP printer consisting of projector and print chamber.
The print chamber is tinted to prevent light from the room from curing the resin sitting in
the vat.
The Vivitek D912HD projector is a standard 1080p resolution projector that has been
slightly modified for the B9Creator. It delivers 3500 ANSI lumens of brightness and
employs a DMD system consisting of two million tiny mirrors. It is fastened to slotted
channels in the chassis of the B9Creator using thumbscrews. This configuration allows
the projector to be adjusted up or down to control the field of view in the window. The
exposure field of view determines the footprint of a print on the build plate, which in turn
determines the xy-resolution of each layer’s 2D image. The B9Creator allows for 30,
50, or 70 micron resolution in the xy-direction and z-resolutions as low as 5 microns.
Naturally, the build footprint decreases with higher resolution. At 30 micron resolution,
the build footprint is a maximum of 57.6 × 32.4 mm.
Controlling the motors and vat, performing power regulation, and communicating
with a host computer is accomplished using a printed circuit board (PCB) provided by
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the manufacturer and containing an Arduino processor with the necessary peripherals
and controllers. The host computer also connects to the projector via HDMI or VGA
connections. The B9 software allows the user to plan layouts of the prints on the print
plate, insert supports where needed, slice the models, and control print parameters
such as exposure and settling time. It also allows the user to perform calibration and
troubleshooting tasks.

3.1.2

Resin characterization

The ideal photopolymer for our application is a resin whose curing properties can
be precisely controlled, whose post-cure dielectric strength is robust to high voltage
electrostatic poling, and whose mechanical properties allow for elastic and flexible
deformation. Ideally, low stiffness photopolymers would be employed in this work but
their commercial unavailability and the incompatibility of the B9Creator’s fixed surface
approach with low stiffness polymers is a limitation of this approach. Furthermore, the
viscosity cannot be too high nor its post-curing shrinkage be too significant. Acrylic- and
methacrylic-based resins comprise the bulk of the commercially available resins, the
formulation for which is often proprietary. They rely on free-radical photopolymerization,
a polymerization pathway based on the production of free radicals via homolysis of
weak bonds induced by interaction with light. The properties of this family of resins, like
number of functionalities or molecular weight, heavily affect the behaviour of the system
(Taormina et al., 2018). Monofunctionalized acrylates have a lower viscosity, while more
functionalities produce a decrease in reaction times and flexibility at the expense of a
higher viscosity. Lower molecular weight resins exhibit higher reactivity and stiffness,
while high molecular weight monomers are more flexible and less reactive.
We selected a third-party flexible UV-curable resin (Photocentric3D, UK) to satisfy
the design criteria in this study. To ensure compatibility with the B9Creator light source,
UV-Vis spectroscopy was conducted on the resin. The resin sample was diluted to

C HAPTER 3. P HOTOPOLYMER

FERROELECTRET FABRICATION

42

Figure 3.2: UV-Visible absorbance spectrum of resin overlaps with the emittance spectrum of the printer light source at the interface between UV and visible light wavelengths
in the electromagnetic spectrum.
20% with isopropyl alcohol prior to analysis. The emission spectrum of the projector
bulb was also measured. The emission and absorption spectra overlap at wavelengths
corresponding to the top of the visible electromagnetic range as shown in Figure 3.2.
The photointiators in the resin are reactive to emitted projector light within a bandwidth
of ∼390–420 nm. Although imperfect, this suggests the suitability of this third-party
resin with the B9Creator.
Firstly, an attempt at understanding the reactivity of the photopolymer was conducted
by evaluating the chemical composition of the formulation using Fourier Transform
Infrared (FTIR) spectroscopy. FTIR is a commonly used technique for characterizing
the chemical composition of polymer formulations. It relies on the characteristic IR
absorbance and transmittance behaviour of molecules as a spectral fingerprint for
identification of unknown compounds by comparing them with previously recorded
reference spectra of known compounds. Cured and uncured samples of the chosen resin
were tested in the wavenumber range of 4000–400 cm−1 because the IR absorption
range of most organic and inorganic compounds lies in this band. Test results indicated
the presence of a polyester acrylate as the primary oligomer in this formulation. Polyester
acrylates are reactive, low viscosity, high molecular weight oligomers utilized for their
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versatility in applications requiring flexibility and strong adhesion to substrates. The
properties of the formulation are fine-tuned by the manufacturer by incorporating reactive
diluents, photoabsorbers, and photoinitiators into the photopolymer blend. The results
of this spectrogram were inconclusive in evaluating the types of photoinitators and
absorbers present.
In Chapter 4, a mathematical model for the electrostatic charging of ferroelectrets is
presented. The model relies on geometric approximations of the charged voids and the
dielectric properties of the polymer. For this reason, dielectric spectroscopy of the cured
photopolymer was conducted to determine the relative permittivity of the material as a
function of frequency. In the frequency domain, the complex relative permittivity ε∗ of a
material can be expressed as:

0

ε∗ = ε − j ε

00

(3.1)

0

where ε is the relative dielectric constant (a measure of the material’s ability to store
00

electromagnetic energy), j is the imaginary unit, and ε is the relative dielectric loss
factor (a measure of the material’s ability to dissipate electromagnetic energy into heat).
Physically, a greater dielectric constant indicates that a greater polarization is developed
by a material in an applied field of given strength. Microscopically, several dielectric
mechanisms contribute to dissipative dielectric behaviour under an electric field including
molecular dipole reorientation and ionic conduction. Dielectric losses produce Joule’s
heating and are thus undesired phenomena. A thorough review of dielectric theory,
modelling, and instrumentation is presented by Kremer and Schönhals (2013).
A 1 mm thick, 25 mm diameter disc of cured resin was tested at ambient temperature
and pressure. A dielectric spectrometer (AMETEK, USA) consists of two electrodes
arranged in parallel-plate capacitor configuration to which an alternative electric field
is applied. An impedance analyzer measures the capacitance across the sample at
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Figure 3.3: Frequency sweep plot of relative permittivity of cured photopolymer.
each frequency and, taking contact resistance and parasitic inductance into account,
calculates the dielectric constant and loss factor (Romano, 2011).
Figure 3.3 shows the resultant spectrogram of the cured photopolymer. Since
polarizability is induced when an electric field is applied to the polymer, the dielectric
constant naturally depends on the frequency of the applied electric field. At high
0

frequencies, ε is low because the induced polar groups in the polymer are not sufficiently
mobile within those short time intervals and do not readily orient to provide a tangible
change in polarization. As the frequency decreases, the electric fields are applied
for longer time scales, orienting the most mobile groups and inducing a measurable
0

polarization. For this reason, it is standard to accept the ε value at 1 kHz as the
0

dielectric constant of the material. ε = 7.067 at 1 kHz for our chosen photopolymer,
which is relatively high compared constants reported in the literature for commercially
used polymers (Ahmad, 2012). This indicates that high voltage corona charging can be
conducted on this photopolymer without incurring significant material damage.
Finally, the mechanical suitability of this formulation was verified by conducting tensile
tests on dogbone structures as per the ASTM D638 standard using a Dual-Mode Lever
System (Aurora Scientific, Canada). The tensile strength of the cured material after UV
post-treatment was calculated to be 2.1 MPa. The percentage elongation at break of the
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dogbone samples was approximately 50%. Despite the relatively low elasticity and high
stiffness of the material, it demonstrates sufficient flexibility for deformation in energy
harvesting applications.

3.1.3

Experimental determination of optimal slice thickness

A critical component of the performance of photopolymer formulations is the light energy
flux necessary to uniformly cure a layer of desired thickness. Knowledge of the reactivity
of the resin informs the optimal slicing thickness of the CAD model as well as light
exposure duration. In order to characterize the z-direction curing performance, a depth
of cure experiment was conducted.
This experiment builds upon the principles of stereolithography outlined by Jacobs to
create a working curve that provides two key parameters that govern the polymerization
of photosensitive resins (Jacobs, 1993). The light energy necessary for polymerization
and the penetration depth of light are resin-specific properties tied to the composition
of photoinitiators and non-reactive light absorbers within the resin and are crucial for
optimizing printing outcomes. Jacobs’ basic working curve model is given by:


Cd = Dp ln

E0
Ec


(3.2)

where Cd is the depth of cure, Dp is the depth of light penetration, E0 is the light energy
at the surface, Ec is the critical light exposure to initiate polymerization.
The design of the experiment involves using the projector to sequentially shine
adjacent squares across the length of a microscope slide sitting at the bottom of a well of
photocurable resin. The resin cures into a cube growing upwards from the microscope
slide. The first square projection is initiated, followed by a one-second delay, followed
by the next square. This results in descending exposure times from seven seconds for
the first square to one second for the final square. A custom microscope slide adaptor
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(a)

(b)

Figure 3.4: (a) Increasing exposure times of projection produces increasing depth of
cure (b) Working curve of flexible photocurable resin from depth of cure experiment.
for the B9Creator print chamber was designed and 3D printed for purposes of this test.
After exposure, the slides were rinsed with isopropyl alcohol and left to dry. Dimensions
of the cured structures were taken with a Dino-Lite Digital Microscope. Five trials of this
experiment were conducted and the average dimensions of the cured photopolymer at
each exposure time were used.
The irradiance at the wavelengths over which the emittance spectrum of the bulb
and the absorbance spectrum of the resin overlap was measured to be 9.7027 W/m2 .
Converting to mJ/cm2 s and multiplying by the exposure time for each square gives the
exposure energy E0 . A semi-logarithmic plot of average cure depth versus exposure
energy produces a straight line where the slope is Dp and the axis intercept is Ec as
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shown in Figure 3.4. Dp and Ec were calculated to be 1.9457 mm and 3.269 mJ/cm2
respectively. R 2 = 0.978 for the fitted line. The results show that this resin is highly
photo-reactive, particularly when compared to working curves of other commercial resins
(Bennett, 2017). The deep light penetration of this resin is likely due to its optical clarity.
Dp and Ec are material parameters that should be independent of the radiant power
density of the projector bulb. To verify this hypothesis, depth of cure tests similar to
the one discussed were conducted at power densities of 60%, 80% and 90% of the
maximum power. Dp and Ec values derived from these tests varied from those at 100%
power density by up to 8%, which is attributable to measurement errors of cure depth.

3.1.4

Minimum feature resolution

In addition to cure depth, the features of the printed ferroelectrets are highly dependent
on the XY resolution of the printer. This informs the geometry and density of the voids.
The quoted planar resolutions of commercial printers is often the resolution of the actual
projector, but the printer output is affected by variables such as the material, the print
process, and the software used. Therefore, tests for the practical minimum feature
resolution achievable with the B9Creator v1.2 were conducted.
To begin, calibration and tuning procedures were conducted on the printer. The build
table was calibrated to ensure it sat flush with the PDMS layer on the window and the
projector’s field of view was calibrated to precisely match the optimal footprint for our
chosen X Y resolution (30 microns). Furthermore, settings for balance, fade, machine
pecific multiplier (MSM), normalization slope, and X - and Y -Axis Calibration Multipliers
were tuned to enhance the output accuracy of prints using the flexible third-party resin.
These settings control the hot spot of the projector bulb, the amount of time the projector
in-fills before the full image is exposed, and the dimensional scaling that accounts for
the variance between the software’s measurements and the printed result.
A test print model consisting of lines of varying widths in horizontal, vertical, and
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(a)

(b)

Figure 3.5: (a) Minimum resolution test print model (b) Results of test print.
diagonal directions (to avoid directional bias) was created using SolidWorks (Dassault
Systèmes, France). The line widths ranged from 50 to 200 µm in 25 µm increments.
The model was sliced at 50 µm thickness and printed with the flexible resin. The print
was washed in IPA in an ultrasonicator bath, dried with nitrogen, and post-cured with
UV exposure for 20 minutes. The test print was then placed under a Dino-Lite digital
microscope for measurement of the achieved line widths.
A plot of ideal versus measured average line widths (3 test prints) is shown in
Figure 3.5 along with the described test print. As the prints’ line width decreases from
200 µm to 125 µm, the measured widths align with the modelled widths. 75 µm and
100 µm lines overcured and did not match the ideal length. Print quality also suffered
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from directional dependence. 50 µm lines failed to print completely. We conclude that
the printer can reliably produce positive linear features as small as 125 µm. We assign
this value as the practical lower limit of the feature size in the printed ferroelectrets.
Similarly, a second test print was modelled to test the smallest void size that could
be accurately reproduced. It consisted of square indentations of increasing lengths
from 250 to 750 µm. It was concluded that the smallest repeatable negative feature in a
cured layer was a 600 micron square.

3.2
3.2.1

Fabrication of voided photopolymer film
Proposed design

The objective is to create a ferroelectret element consisting of a thin film of cured polymer
with a single layer of closed voids of desired geometry and uniformity. The voids are
engineered to facilitate DBDs and charge trapping when subjected to an electrostatic
poling treatment.
Preliminary attempts at fabrication of ferroelectret elements centered around printing
channels running the cross section of the cured polymer film but difficulties in fully
clearing uncured resin from the channels were encountered. Other attempts at printing open-cell voids to ease the challenges of removing uncured resin from the voids
produced low quality prints. Furthermore, a post-printing treatment of vacuum-assisted
flushing of the channels with a PTFE dispersion was unsuccessful. Coating the insides
of the channels with a charge-trapping fluoropolymer is a necessary step for creating
stable macro dipoles from DBDs within the voids as the photopolymer is not an inherently
electret material. Fluoropolymers, such as Teflon (polytetrafluoroethylene [PTFE]) and
fluoroethylenepropylene (FEP) are excellent electret materials due the deep charge
traps in the surface layer that block the injection of charge into the bulk of the material
(An et al., 2009). Additionally, the electret stability of fluoropolymers is superior when
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Figure 3.6: Cross-sectional schematic of proposed 3D printed ferroelectret element.
poled with negative charges than with positive ones due to the large electronegativity of
the fluorine atom, as mentioned in Chapter 2. The electrothermal stability of fluorinated
polymer is a complex discussion outside the scope of this work, but is explored in an
excellent dissertation by Anders Thyssen (Thyssen, 2016).
Building on these attempts, designing for printing feasibility and output repeatability
emerged as a paramount consideration. The proposed design is a hybrid ferroelectret
that involves printing a thin layer of photopolymer interspersed with negative square
features and annealing two layers of FEP film to the faces to seal the voids. Electrodes,
wires, and insulation with Kapton tape follow corona treatment of the films. The design
is illustrated in Figure 3.6.

3.2.2

Modelling

SolidWorks was used to model the desired ferroelectret elements for 3D printing. Each
element was dimensioned to be 16 mm by 30 mm to allow 3 elements to be printed
simultaneously on the print envelope constrained by the 30 micron resolution setting.
From the minimum feature resolution tests, it was discerned that 150 micron walls
between the voids would be the optimal compromise between maintaining structural
integrity of closed voids and maximizing the density of voids. Square voids were
modelled and arranged in a matrix distribution across the face of the ferroelectret. The
650 × 650 micron dimension of each square was chosen empirically by trial and error:
smaller voids would sometimes overcure and close, larger voids would not undergo
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DBDs during corona treatment and thus compromise piezoelectricity.
The thickness of the ferroelectret film was chosen to be 500 microns. This is
considered larger than typical thicknesses of ferroelectret thin films (see Table 2.1) but,
pragmatically, thicknesses lower than 500 microns suffer from difficulty of peeling and
handling after printing.

3.2.3

Printing

Once the model was completed, it is put through the B9Creator’s slicing software. The
model was sliced at 50 µm layers to minimize the printing time. From the depth of cure
analysis in section 3.1.3, we work backwards to conclude that a minimum exposure time
of 1.15 s is necessary for this depth. Adding a margin to account for light scattering and
incomplete polymerization, an exposure time of 1.5 s per layer was found to be optimal.
At this rate, three ferroelectret elements can be printed in 4 minutes.
Once the print is complete, the build plate is retrieved from the print chamber and
placed in an ultrasonic bath containing IPA for a few minutes until all uncured resin
residue is cleared or dislodged. Then, the build plate is rinsed with soap and distilled
water, followed by drying with nitrogen gas. A comparison between the model and
resultant print is shown in Figure 3.7. The print reproduces the voids in the CAD model
to a high degree of precision. Averaging five measurements of walls and voids from
different positions in the film indicates that the measured voids deviate from the CAD
model by 5.8% and 5.3% respectively. This is an acceptable discrepancy at micron scale
DLP printing and validates the calibration and characterization efforts in the previous
section.
The discrepancy between modelled dimensions and resultant dimensions is attributed to scattering of light when passing through the acrylic/PDMS window of the
vat. When projecting a mesh-like 2D image onto the window, the narrow beams of light
representing the walls between the voids refract upon passing through the window and
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(b)

Figure 3.7: (a) CAD model showing 650 µm square voids seperated by 150 µm walls
(b) measured void size of printed film.
interfere constructively in otherwise dark regions (representing the voids). This produces
an overcuring of the walls and subsequent dimensional inaccuracies of the voids.

3.2.4

Post-processing

Once cleaned and dried, the voided photopolymer films are carefully peeled from the
build plate. Then, the ferroelectret film is placed in a UV cross-linker for 20 minutes to
post-cure the resin and give it the desired mechanical properties. FEP film is applied to
both faces and annealed under a static load and 50 ◦ C on a hotplate to ensure complete
bonding of the silicone adhesive on the FEP film to the ferroelectret element. During this
step, delamination and wrinkling of the FEP film can occur so care must be taken when
handling it and applying it. FEP film is transparent so the voids are visible as shown in
Figure 3.8.
The ferroelectret is then treated with corona discharge (Chapter 4) to achieve
piezoelectricity. Finally, copper film electrodes with wire connections are adhered
to the faces of the ferroelectret and insulated with Kapton tape. Wire connections to
the copper electrode are made with silver epoxy. Surface potential of the ferroelectrets
was checked to ensure that the samples were not discharged through handling and
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Figure 3.8: Post-processing in engineered photopolymer ferroelectret fabrication method:
(a) UV post-curing of printed films, (b) application of FEP film to faces of voided photopolymer film, (b) electrostatic poling by corona treatment, (d) application of electrodes,
wire leads, and Kapton tape.
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post-processing procedures. The hybrid photopolymer ferroelectret is now ready for
characterization.

3.3

Chapter summary

This chapter proposed a first-principles design of a hybrid photopolymer ferroelectret
fabricated using a DLP 3D printing technique. The curing properties of a commercial flexible photopolymer resin were investigated to discern the operational limits of
the printer and resin and to guide the optimization of void dimensions and geometry.
Additionally, electromechanical characterization of the photopolymer established its
compatibility with the electrostatic stresses of corona treatment and the mechanical
stresses of piezoelectricity. Dielectric spectroscopy, in particular, informs the model for
DBD in the voids proposed in Chapter 4.
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Chapter 4
High-voltage poling apparatus
development and process modelling
This chapter outlines the development of a corona treatment system as a tool for electrostatic poling of the engineered photopolymer ferroelectrets fabricated in Chapter 3. The
assembly and integration of the instrument components evolved from a first-principles
exploration of the operating principles behind corona discharges to produce a device that
is robust, versatile, and modular. A two-layer electromechanical model of ferroelectrets is
presented to discern the operating parameters of the device that optimally produce DBDs
in the voids. Subsequently, a comparative characterization of the charge polarization
of the engineered ferroelectrets is conducted by analyzing the stability and uniformity
of surface potentials of three types of corona treated ferroelectrets: polypropylene,
polyethylene, and hybrid photopolymer ferroelectret.
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Fabrication of corona treatment system
Working principle

Corona treatment is an established surface modification method in industry and laboratory settings to achieve higher polarity of surfaces. It was introduced in the industrial
sector in 1951 by Danish engineer Verner Eisby as a method for printing on chemically
inert plastics whose low surface tensions caused them to be unresponsive to printing
inks and adhesives. The method is based on the electric discharge induced by the
ionization of a dielectric fluid medium (often air) which produces plasma. Plasma is
a highly reactive gas that contains ions, radicals, and reactive ozone and reacts with
polymer surfaces by breaking H-C bonds (Cramm and Bibee, 1982). This breakage
results in polar groups such as carbonyl and carboxyl groups forming on the nonpolar
polymer surface, thereby raising the surface energy of the polymer. Wettability of the
polymer surface also improves as a result.
When a corona discharge is applied to a ferroelectret film, the charges deposited on
the exposed surface of the film induce an electric field applied across the film. When
this electric field exceeds the Paschen breakdown field of gas inside the cavities, a
process of charge separation known as DBD occurs in the voids. DBDs continue until
the localized internal field, opposite in direction to the applied field, grows large enough
to bring the net field back below the Paschen threshold (Harris and Mellinger, 2014).
The charges separated by DBDs within the voids deposit on the internal surfaces of
the void creating an engineered dipole. The cumulative effect of these cellular dipoles
creates the observable piezoelectric effect in ferroelectrets.
The corona discharge is ignited under DC voltage in a point-to-plane configuration. In
this configuration, a high DC voltage is applied to an active electrode whose geometry is
a sharp point to create a concentrated high-field ionization region around the point. The
electric field accelerates the ionized particles, preventing their recombination, towards a
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Figure 4.1: (a) A strong electric field ionizes particles surrounding a point electrode to
initiate the discharge (b) acceleration of ionized particles induces an electron avalanche
causing electrical breakdown that allows the corona discharge to propagate (Corona
Discharge, 2015).
passive grounded electrode (the plane) with surface area orders of magnitude larger
than the point active electrode. The dielectric area between the ionization region and
the low field, passive electrode is known as the drift region. Electrically, the drift region
behaves as a large, non-linear resistor in series with the localized ionization region
around the high voltage point, often making external stabilizing resistors unnecessary
(Goldman et al., 2007). Figure 4.1 below illustrates this effect.

4.1.2

System design and overview

A corona treatment system consists of two main components: a treater station and a
power source. The power source is a high-voltage (HV) non-inverting amplifier consisting
of a high frequency generator and a high voltage output transformer. The output of the
HV amplifier is connected to the active discharge electrode in the treater station. The
treater station is an enclosure isolated from the power and signal circuitry of the device
and consists of the discharge electrode, ground plane, and a sample holder whose
distance from the active electrode can be adjusted. Design of our corona treatment system comprises these elements plus short-circuit protection, safety disconnect circuitry,
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Figure 4.2: Schematic overview of corona treatment system
graphical user interface, data acquisition, and a corona triode configuration to precisely
control the surface potentials of treated films. A system overview is shown in Figure 4.2.
The mechanical design of the corona treatment system aims to achieve four objectives: safety, portability, modularity, and ease-of-use. The device was designed to be a
free-standing chassis with dual access to compartments isolated from each other and
from the laboratory environment. T-slotted extruded aluminum channel (45 mm × 45 mm,
hollow) formed the basis of a frame measuring 24.5 in × 27 in × 60 in and resting on
four all-directional wheels affixed to the bottom corners. Extruded aluminum struts were
chosen due to their ubiquity, low-cost, and standardization with many fasteners and
brackets. 4 mm acrylic sheets that have been laser cut to size formed the panels of
the chassis. The channels within the struts hold the acrylic sheets in place. Acrylic
was chosen due to its machinability, optical transparency, and thermal and electrical
resistivity. Bolted corner brackets were sized to fit the struts and accompanying acrylic
with particular care paid to the structural load-bearing capacity of the brackets and
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Figure 4.3: Schematic of 3D CAD assembly of designed corona treater.
fittings placed under the heavy HV amplifiers. Prior to construction, a 3D CAD model of
the enclosure was developed to inform and guide the build of the corona treater. This
model is shown in Figure 4.3.
The enclosure consists of 4 compartments: bottom two compartments for highvoltage, control, and data acquisition electronics, top compartment for the motor control
of threaded rods which extend down into the treatment table in the middle compartment.
The middle compartment is the largest and is the treatment zone where the corona
discharge occurs in a triode point-to-plane configuration. Ventilation holes were drilled in
the back of the top and bottom enclosures. These components are shown in Figure 4.4.
In the bottom enclosure lies two HV amplifiers, a data acquisition module, and a
rack-mounted power bar. The larger of the two amplifiers is an MJ30N400 amplifier
from Glassman High Voltage Inc. The MJ30N400 is a 15W amplifier capable of an
output voltage up to −30 kV and output current up to 0.4 mA. It is connected via a
rigidly insulated high voltage cable to the needle in the enclosure above it. Connected
to the mesh is the second amplifier, a Keithley Model 247 voltage supply capable of
delivering up to ±3 kV at a maximum 6 mA. The data acquisition system (DAQ) is a
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Figure 4.4: Corona treater components: (a) Top enclosure showing the treatment zone
with the treatment table’s vertical motion motor-controlled by the chain drive system
above, (b) Closer look at the corona triode configuration shows the stainless steel
needle and mesh connected to seperate HV amplifiers with a grounded plate sitting
on an optical micrometer stage for fine z-direction control, (c) Safety circuitry box sits
outside the enclosure to control device power-up, also shown are limit switches at the
enclosure doors and green grounding wires connecting the metallic frame to earth
ground for discharging, (d) HV amplifier and NI DAQ system in the lower enclosure
below the treatment zone, (e) Accessory features such as snap-locks for the doors and
bolt-mounted swivel wheels.
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National Instruments cDAQ-9174 4-slot chassis with USB connectivity to an external
host computer.
Above the treatment zone lies a chain drive system connected to the treatment table
by means of 4 threaded rods. The rods have a 1/2 in-13 thread and are made of Nylon
plastic instead of metal to prevent arcing of the discharge from the needle toward the
threaded rod. All bolts and fasteners in the treatment zone are made of nylon for this
purpose. A 2-phase, NEMA 23 stepper motor with holding torque of 125 oz · in was
selected to satisfy the holding torque requirements of the z-direction motion of the table
and the corona triode sitting on it. A TB6600 stepper motor driver capable of delivering
current up to 4 A with temperature and over-current protection controls the stepper
motor. The motor driver is controlled by the DAQ.
Due to the inherent dangers of operating a high voltage device, safety circuitry was
designed and outfitted to the corona treater to de-power and discharge the device when
the enclosures need to be accessed, in the case of electrical failure (current surges,
damaged insulation, sparking, etc.), or when an emergency stop button is pressed.
The wiring diagram of this circuit is shown in Appendix A. Succinctly, normally-open
limit switches attached to the enclosure doors are connected in series with the ON
button, OFF button, E-Stop, indicator LEDs and a DPDT relay to the live line of a
power strip to which all the electronics (amplifiers, motor and DAQ) are connected.
All components have been chosen to satisfy ESA certification requirements and the
electrical specifications of the voltage and current within the system. If the limit switches
are engaged (doors are closed and locked) and ON button is pressed, the LED lights up
and relay coil is energized. The first of two relay contacts latches the ON button keeping
the system powered and the second closes the connection from the power bar to the
system electronics. De-powering of the system is achieved by pressing the OFF button
or E-Stop, opening the doors (limit switches are disengaged), or by blowing the fuses
protecting from current surges.
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Finally, a graphical user interface was implemented in LABView via the National
Instruments DAQ to allow remote control and feedback of the system parameters using a
laptop through a single USB connection. The DAQ system consists of an analog output
module, analog input module, and digital I/O module. The analog output is configured to
send DC signals to be amplified by the HV amplifiers. The analog input collects current
and voltage data from the system and runs a feedback loop to ensure that the voltage at
the needle is stable and accurate. The digital I/O communicates with the stepper motor
driver to operate the translational mechanism of the treatment table.

4.1.3

Operation and Calibration Procedures

Before powering the corona treater, care is taken to ensure that the needle, mesh, and
copper ground plate are all rust free. Ventilation of the ozone produced by corona
treatment must also be present. Operating the device with metals or flammable liquids
in the treatment zone must be avoided. In our experiments, a negative voltage was
applied to the needle and conductive grid. Enhanced stability of ferroelectrets has been
demonstrated with negative corona poling due the fundamental role electrons play in
charge trapping and transport. A comprehensive review of the physical mechanisms
of charge trapping and storage in corona-charged non-polar materials is presented by
Leal Ferreira and Figueiredo (1992).
The working principle of this triode configuration is that when a high potential (in the
order of tens of kV) is applied between the needle and the ground plate, eletrons from
the ionized air surrounding the needle are pulled down towards the conductive mesh.
The ions that do not strike the mesh are further accelerated towards the sample. As
more and more electrons deposit on the surface of the ferroelectret sample, the effective
voltage difference between the mesh and the sample eventually diminishes to zero.
The charging of the electret sample is now complete. Effectively, the voltage applied
at the conductive mesh controls the surface potential imparted onto the sample. The
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Figure 4.5: Plot of sparking voltage vs needle-mesh distance optimizes corona triode
configuration.
finest possible stainless steel mesh was selected as the grid in the corona triode (mesh
wire diameter = 0.0045, opening size = 0.0055 and open area = 30%), as simulations
by Bouteffaha et al. (2019) showed that geometry of the grid play an important role
in the current-voltage characteristics of the system and the repartition of the current
density. Furthermore, an essential advantage of the corona triode configuration is
the homogeneous distribution of charge across the surface of the electric film. This
uniformity is attained by an auto-compensation effect produced by the ionic space
charge in the air gap between the mesh and the sample (Giacometti, 1987). A strictly
point-to-plane configuration would result in charges deposited primarily in the area
directly underneath the needle.
Two operational parameters must be calibrated for optimal operation of the device:
constant charging current and needle-mesh distance. A constant charging current
condition ensures even distribution of the corona discharge over the treated sample and
grounded copper plate. Practically, the charging current across the air gap from needle
to mesh is relatively constant if no sparking occurs from the needle as corona discharge
sparks produce current surges. In order to study the operational behaviour of this
triode configuration, the charging voltage that induces sparking versus the needle-mesh
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Figure 4.6: (a) Sparking occurs when constant current condition is broken, (b) corona
discharge under constant current condition is uniform, and (c) mesh is damaged when
sparking occurs.
distance was plotted. The motivation is two-fold: to position the needle at a distance
that produces a uniform charge distribution in the sample for charging voltages above
the DBD threshold and to prevent sparking which damages the mesh and interrupts the
contact current condition. This plot is presented in Figure 4.5.
By manoeuvring the treatment table and performing fine adjustments with the micrometer, the mesh was held at 5 mm above the ground plate. Sparking does not occur
at needle-mesh distances greater than 2.7 cm as shown in the plot, indicating this to be
the minimum distance to maintain the constant current condition. Figure 4.6 shows the
sparking behaviour at elevated charging voltages and the resulting mesh damage.

4.2
4.2.1

Treatment of developed ferroelectret films
Calculation of threshold voltage

As discussed in Chapter 2, fabricated ferroelectrets achieve piezoelectricity through
electrostatic polarization at high electric fields. The resulting DBDs in the voids produce
charges that are trapped on the inner surfaces of the voids. It is a characteristic feature
of the dielectric material that makes it impossible for the charges generated from the
ionized gas in the voids to reach the conducting electrode surfaces on the top and
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Figure 4.7: Schematic of a modified version of the two-layer electromechanical model
proposed by Sessler and Paajanen (© Mellinger and Mellinger (2011), included with
permission).
bottom faces of the ferroelectret.
The phenomenon of DBDs is governed by Paschen’s Law, which gives the breakdown voltage between two electrodes in a gas as a function of the pressure and void
height. Furthermore, in order to apply Paschen’s Law to ferroelectret voids, a two-layer
electromechanical model of ferroelectrets is used to approximate the distribution of voids
within the cross-section of the films, as introduced by Sessler and Paajanen (Sessler
and Hillenbrand, 1999; Paajanen et al., 2001). As shown in Figure 4.7, the sample
is approximated by an alternating sequence of polymer layers and void layers. In our
additive manufacturing approach, the void layer height is chosen by design, rendering
the two-layer model a faithful approximation of the ferroelectret geometry. In this model,
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the theoretical threshold voltage, V0 is given by the following relation (Pengfeng Zhang
et al., 2006)


V0 = Ec

εgr
S1 + S2
εpr


(4.1)

where, Ec , εpr , εgr , S1 , and S2 are the critical breakdown electric field, the relative
dielectric constant of the polymer and gas, and the equivalent thickness of the solid and
void layers, respectively.
As described by Paschen’s law, the critical breakdown electric field, Ec , is determined
by the product of the gas pressure p and the gas-gap distance s , which is the void layer
height in this model:

Ec =

Ap
B + ln(ps)

(4.2)

where A is an experimentally determined constant related to excitation and ionization
energies and found to be roughly constant over a restricted range of
B is the saturation ionization in the gas at a particular

B = ln

C
ln(1 + γ1 )

E
p

E
p

for any given gas.

and can be calculated as

!
(4.3)

In air at atmospheric pressure, the constants C = 11 (m · Pa)−1 and γ = 0.01.
Using this model, the threshold breakdown voltage at each void height from 50 µm
to 1000 µm was calculated and plotted to study how breakdown voltage trends with void
height. The graph is shown in Figure 4.8 and inform the charging voltage applied to
the needle and mesh of the corona treater. The model predicts that a stable surface
potential of approximately −4 kV would be necessary for complete DBD initiation in our
500 µm voids. Therefore, it is anticipated that the −3 kV limit of the Keithley Model 247
voltage supply connected to the mesh will prevent complete DBDs in all the voids.
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Figure 4.8: Plot of predicted gas breakdown voltage of different ferroelectret void sizes.
It must be noted that modifications to the model have been proposed in the literature
to account for the discrepancy between the breakdown values predicted by the model
and experimental data. Firstly, since the constants A and C are empirically determined,
they are often adjusted to account for wall thickness and overall porosity. Secondly, a
geometry-dependent depolarization factor can be applied to the critical electric field to
account for void geometry that deviates from the standard rectangular void (Mellinger
and Mellinger, 2011). Although these modifications were not employed in this analysis,
they have produced experimental data that aligns with predicted breakdown voltage
(Gross and Xu, 2015).

4.2.2

Film treatment

For our experiments, corona charging was applied at room temperature and standard
atmospheric pressure. The objective is to deposit a sufficient amount of charges on the
surface of the samples to induce an electric field between the top of the sample (charges)
and the bottom of the sample (ground plate) that is powerful enough to cause DBDs to
occur in the voids. Typically, corona charging of homogeneous (unfoamed) electret polymers is achieved in a few seconds. However, in the case of ferroelectrets, the separation
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Figure 4.9: Schematic of a the next electric fields in microcavities (a) during charging
and (b) when voltage is removed (© Kachroudi et al. (2016), included with permission).
of charges resulting from a DBD within the voids induces an internal electric field that is
opposite to the applied electric field, thereby lowering the net electric field applied to the
gas in the voids as illustrated in Figure 4.9. For this reason, ferroelectrets must be poled
for a longer period of time to achieve complete DBDs in the voids, particularly in voids
that are larger than those produced by typical foaming approaches. It was determined
empirically that the optimal charging time for the engineered ferroelectrets was 45 s.
The needle was set constant at −21 kV. This appears to be significantly higher
than the theoretical threshold voltage; however, this produced the most homogeneous
discharges across the surface of the sample. Irregularities in the charge distribution
across the face of the sample appeared at lower tip voltages. Those appeared to be
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related to poor discharge performance of the needle electrode and not any dielectric
breakdown phenomena. The grid voltage was limited to −2.8 kV due to limitations of the
HV source connected to the grid as well as the electrostatic voltmeter probe’s operational
range, which peaks at ±3 kV. It is theorized that higher grid voltages produce a stronger
piezoelectric response but this was not tested due to the 3 kV upper limit of the Keithley
247 amplifier.
Samples of polypropylene (PP) and polyethylene (PE) foams were treated in addition
to the engineered ferroelectrets discussed in Chapter 3. This is done to situate the results of the engineered ferroelectret characterization experiments henceforth discussed
amongst established ferroelectret materials discussed in the literature.
PP ferroelectret charge stability and piezoelectric performance are well-examined
in the literature and discussed in Chapter 2. While PP is currently the gold standard
ferroelectret in this research sphere, it is not without its limitations, namely poor thermal
stability of charges. PE ferroelectret was chosen due to its dielectric properties being
similar to those of PP. Like PP, PE has closed-cell voids when foamed. However, PE
foams have a noticeably more round void structure, compared with the lens-shaped,
high aspect ratio voids of PP foams. Those two ferroelectret materials were chosen
to emphasize geometry of the voids as the eminent variable of comparison. It must
be noted, however, that this is a crude and imperfect comparison between three different materials. Difference in ferroelectret performance between them can arise due
to a multitude of factors including dielectric properties, stiffness, thickness, porosity,
heterogeneity, charge trapping, etc.
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Characterization of treated ferroelectrets
Surface potential uniformity

A key hypothesis of this work is that a uniform distribution of identical voids produces
a uniform surface potential on ferroelectrets. To test this, samples of PP, PE, and the
engineered photopolymer ferroelectret (EPF) were corona charged at a mesh voltage of

−2 kV and left at ambient conditions overnight. This was done to ensure that charge
stability of the ferroelectrets is achieved before being used in any experiments. The PP
and PE samples were cut to the same dimensions (16 mm × 30 mm) as the engineered
ferroelectret for an even comparison. All samples were adhered to microscope slides for
ease of handling and to ensure that samples lie perfectly flat.
An electrostatic voltmeter (ESVM) (TREK, USA) with a high resolution probe was
used to measure surface potentials. An ESVM is a non-contacting instrument that
measures voltage without charge transfer. The ESVM functions to drive the potential
of the probe body to the same potential as the measured surface. This achieves a
high accuracy measurement that is virtually insensitive to variations in probe-to-surface
distances, and prevents arc-over between the probe and measured surface. A traditional
high-impedance contacting voltmeter is unsuitable for our experiments as the charge
transfer to the voltmeter during measurements causes loading and modification of the
source voltage.
The ESVM probe was centred over 35 points across the surface of the films, corresponding to 4 mm intervals along the length and 5 mm intervals along the width. The
surface potential at each point was recorded for all three ferroelectrets. The diameter
of the spot area being measured is largely influenced by the spacing between the
probe and the surface being measured. A cursory review of literature on electrostatic
voltmeters reveals a 5:1 ratio as a reliable rule of thumb (Fletcher, 2015; Fatihou et al.,
2014). Practically, this means that placing the probe at a distance of 1.5 mm from the
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(a)

(b)

(c)

Figure 4.10: Surface potential topography of (a) polypropylene (b) polyethylene and
(c) engineered photopolymer ferroelectrets.
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sample produces a measured spot diameter of 7.5 mm. Precise positioning of the probe
was achieved using a gear-driven clamp that was custom designed and 3D printed for
this purpose.
Figure 4.10 compares the surface charge distribution of PP, PE and engineered
ferroelectrets by plotting surface potentials against position in the 2D plane of the
film. The resultant surface plot visually depicts the topographic variance in surface
potential. PP ferroelectrets show the highest variance in surface potential across
their surfaces, with a coefficient of variation Cv = 9.19%. This is substantiated by its
highly disordered void distribution and morphology. Moreover, the large variance in
void morphology often means that some voids are too flat or collapsed to undergo
effective DBDs. PE ferroelectrets show similarly high surface potential variance (Cv =
5.88%). Although the distribution of voids in PE ferroelectrets is equally disordered,
the voids are comparatively more similar in size and aspect ratio. The non-uniform
and irregular void structure of PP and PE ferroelectret films leads to variations in the
space-charge distribution and the resulting electromechanical properties. Cv = 0.84%
for the engineered photopolymer ferroelectrets (EPF) indicating the highest surface
potential uniformity. The highly ordered and regular microstructure within EPFs produce
uniform DBDs in voids throughout the film and consequently a uniform space-charge
distribution. Furthermore, the superior charge trapping properties of the FEP electret
film contribute significantly to the observed uniformity.

4.3.2

Temporal stability of surface potential

An essential property of ferroelectrets is the long lifetime of the charge polarization. This
is due to geometric factors such as the ratio between the width and length of the voids
as well as material properties such as conductivity and dielectric loss tangent. However,
a charge decay behaviour is observed in the surface potential of ferroelectret films from
the moment dielectric breakdown is achieved immediately after corona treatment up to
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Figure 4.11: Surface potential measurement experimental setup consists of an electrostatic voltmeter, a gear-driven mechanism for the probe, and a digital multimeter for data
acquisition.
24 h after treatment.
To characterize this decay behaviour, the surface potentials of printed ferroelectret
films were measured by placing them 2 mm under the probe of the TREK Model 347
ESVM five minutes after corona treatment with a grid voltage of −2 kV. The effect
of the grounded microscope sample holder was checked and shown to be negligible.
Data was collected at a sampling rate of 1 Hz for 48 hours. Due to the low sampling
rate, the data was susceptible to noise during the decay phase and was consequently
filtered with a low-pass digital filter. Surface potential data was averaged for 15 minute
intervals and plotted for the three ferroelectrets. Measurements from two samples for
each ferroelectret type were averaged. As shown in Figure 4.12, a progressive fast
decay of the surface voltage is measured for all three ferroelectret types. This decay
was about 28%, 75% and 36% for PP, PE, and engineered photopolymer ferroelectrets
respectively. Multiple factors contribute to this. Firstly, the internal dipoles in the charged
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Figure 4.12: Plot of decay behaviour surface potential of PP, PU and engineered
photopolymer ferroelectrets after corona charging (n=2, typical sample performance
depicted).
voids induce an internal electrical field in opposition to the applied electric field and this
acts to progressively reduce the surface potential. When the samples are first poled,
the observed surface potential is that of the surface charges imparted by the corona
discharge and is equal to the grid potential. The stable surface potential is an equilibrium
reached between the applied electric field by the deposited charges and the internal
electric field of the charged voids. Secondly, some surface charges are neutralized by
air in the surrounding environment. This effect is noticeably muted in our EPF samples
due to the deep charge traps of the FEP layer. Thirdly, local micro breakdowns occur in
the surface dielectric layers of the ferroelectrets due to the strong electric field generated
by the high voltage discharge. It is expected that this mechanical damage to the sample
interferes with the charge trapping ability of the raw material.

4.3.3

Thermal stability of surface potential

An investigation of the thermal stability of PP, PE and engineered ferroelectrets was also
conducted to ascertain the operating temperature range of devices fabricated from these
materials. The experimental setup is similar to the one depicted in Figure 4.11, except
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Figure 4.13: Plot of surface potential stability of PP, PU and engineered photopolymer
ferroelectrets at elevated temperatures (n=2, typical sample performance depicted).
samples are placed on a hotplate that gradually ramps up the temperature. Samples
are also adhered to metallic sample holders for heat conductivity. The temperature
is incremented by five degrees Celsius and an ESVM reading is taken two minutes
after each increase to ensure sufficient time for the sample to reach the temperature of
the hotplate. Readings were taken from room temperature (20 ◦ C) to 100 ◦ C and are
presented in Figure 4.13. Measurements from two samples for each ferroelectret type
were averaged.
For all three materials, a decrease in surface potential is observed at increasing
potential. For PP and PE, a significant reduction in surface potential is noted at 65
◦

C and 80 ◦ C respectively. This seems to correlate with results reported in the literature.

Long term heating was observed to reduce the surface potential at lower temperatures.
Although the mechanisms behind this phenomenon are not well understood, these
observations indicate an increased mobility of charges deposited on film surfaces
allowing them to escape their charge traps. Relative to PP and PE ferroelectrets, our
engineered ferroelectrets showed a more steady and less pronounced decline in surface
potential across the tested temperature range. This is likely due to the superior thermal
stability of FEP.
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It must be stressed, however, that the phenomena that govern the temporal and
thermal stability of ferroelectrets are multivariate due to the inherent heterogeneity of
ferroelectret structures. While Figure 4.12 and Figure 4.13 depict typically observed
temporal and thermal trends in charge polarization, the precise times and temperatures
at which observable charge polarization is stabilized or compromised will differ from
sample to sample within the same ferroelectret type.

4.4

Chapter summary

This chapter introduced the theory of operation and proposed design for a corona discharge device use to pole ferroelectrets to achieve electroactivity. The corona treatment
system consists of a rigid freestanding chassis with a treatment zone, high voltage
electronics, linear actuation, control feedback, and safety circuitry compartmentalized
within. Operation and calibration of a corona triode in the treatment zone consisting
of a needle electrode, fine mesh grid, and copper disc ground electrode was outlined.
Additionally, an electromechanical model of dielectric barrier discharges in the voids
was introduced and employed to calculate the theoretical threshold charging voltage
of the corona needle. The device was then used to electrostatically pole samples of
PP, PE, and EPFs and the thermal, temporal, and topographic behaviour of charged
ferroelectrets was characterized.
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Chapter 5
Engineered ferroelectret in energy
harvesting applications
This chapter analyzes the piezoelectric performance of the engineered photopolymer
ferroelectrets using a quasi-static d33 characterization method. The experimental setup
is outlined and its limitations compared to other methods are discussed. Finally, a
deployment of these piezoelectric properties within energy harvesting applications is
presented.

5.1
5.1.1

Piezoelectric characterization
Review of methods for d33 determination

Since the piezoelectricity of ferroelectrets is driven primarily by the high anisotropy
of their geometry, their electromechanical effect is more pronounced in the thickness
direction (d33 ) than in the transverse directions (d31 and d32 ), usually by two orders of
magnitude. In this section, the methods for experimentally determining the d33 coefficient
are briefly reviewed. They are tabulated in Figure 5.1.
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Quasi-static method
The quasi-static method relies on the direct piezoelectric effect: the sample is mechanically excited in the thickness direction and the electrical response is measured. In
this technique, a mass is manually applied to or removed from the sample with electrodes and allowed to stabilize to reach static equilibrium. The generated charge on
the electrodes is measured with a charge amplifier or an electrometer (Sessler and
Hillenbrand, 1999; Gerhard-Multhaupt et al., 2000). The manual removal of the mass
from the sample is easier and more finely controlled than the application; therefore, the
mass is initially applied to the sample until stability is achieved, and then the force is
released and the amount of generated charge is measured (Zhang et al., 2010). The
d33 coefficient is calculated as
d33 =

∆σ
∆P

where σ is the charge density generated upon applying a mechanical pressure P.

Dynamic method
The dynamic method also involves the direct piezoelectric effect to measure d33 . A mass
m is placed on a ferroelectret sample sitting on a shaker and is accelerated sinusoidally.
The sample is thus loaded with two pressures, the static force mg and the dynamic force
ma where g is the acceleration of the mass due to gravity and a is the dynamic sinusoidal
acceleration of the shaker, often measured with an accelerometer. By controlling the
frequency and amplitude of the signal inputted to the shaker as well as varying the mass
and area of the sample, a frequency sweep of the d33 coefficient can be obtained over
different pressures.
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Figure 5.1: Table summarizing methods of experiemental d33 determination (© Carpi
(2010), included with permission).
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Acoustic method
The acoustic method relies on either the direct or inverse piezoelectric effect to measure
d33 in a configuration that resembles an established commercial use of electrets: microphones. An active dynamic loudspeaker generates pressure from a sound field in a
broadband frequency range and the output voltage produced by the electret microphone
is recorded by an audio analyzer (Kressmann, 2001). The sensitivity M of an electret
microphone is defined as
M=

e
V
S1 + εS2
= d33
e
εε0
p

e and e
where V
p are the open circuit voltage and the sound pressure acting on the
ferroelectret microphone diaphragm respectively. As defined earlier, S1 and S2 are the
equivalent thicknesses of the solid and void layers respectively.
Alternatively, the piezoelectric constant d33 can be calculated by

d33 = M

CF
AF

where CF is the capacitance and AF the area of the ferroelectret sample (Zhang et al.,
2007). This method is more accurate compared to the quasi-static and dynamic methods
since it yields an average d33 value over the whole microphone area on which sound
pressure is acting.

Interferometric Method
The interferometric method determines d33 using the inverse piezoelectric effect: the
sample is excited by applying an AC voltage to its electrodes and the resulting variation
in thickness is measured with a laser vibrometer. The d33 is then calculated as

d33 =

e
S
e
V
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e is the thickness variation and V
e is the applied voltage. Depending on the size
where S
of the laser spot and its focusing, thickness variation of a relatively small area of the
sample is measured. Therefore, local variations of d33 can be measured within a specific
area (Zhang et al., 2007).

5.1.2

Piezoelectric performance of engineered ferroelectret

The d33 coefficient of the engineered ferroelectret was measured using the quasi-static
method. A sample was affixed to a microscope slide with the bottom electrode preattached to the underside of the EPF sample, corona charged, and left overnight to
stabilize. Electrodes, wires and Kapton tape were carefully applied so as to not discharge
the sample. Since the generated charges are likely to be too small to be accurately
measured with an electrometer, a charge amplifier was designed and deployed with the
ferroelectret. A schematic is shown in Figure 5.2. The amplifier is an integrator that
converts charge into voltage allowing the signal to be captured and filtered using a DAQ.
The gain depends only on the capacitance in the feedback path as per the equation
below. It is not affected by the capacitance of the wires or the internal capacitance of
the ferroelectret:

Q = −Vout C.

(5.1)

A very high impedance operational amplifier is required to ensure that the small
amount of charge generated by the ferroelectret is not lost through leakage. Since
extraneous currents can corrupt a low level signal, a high power supply rejection ratio (PSRR) is also required. Thus, the LMC6482 (Texas Instruments, USA) is chosen
due it its low offset-current and excellent PSRR. Since the current from the ferroelectret
flows towards the LMC6482’s inverting input terminal, the charge amplifier produces
a negative voltage. To avoid saturating the amplifier when the capacitor is charged
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Figure 5.2: Schematic of charge amplifer circuit for piezoelectric constant measurement.

Figure 5.3: Plot of voltage generated in quasi-static d33 characterization.
by amplifier’s input bias current, a resistor providing a discharge path is connected in
parallel with the capacitor. A 7.5 nF capacitor was used in the amplifier circuit.
A 40 N load was applied to the ferroelectret sample for 5 minutes. The electrodes
were then connected to the input of the charge amplifier and the load removed. The
generated charge produced a voltage spike that was collected and filtered for noise
using a third-order low-pass Butterworth filter with a cutoff frequency of 50 Hz. The
resultant voltage plot is shown in Figure 5.3.
The output voltage from the charge amplifier spiked at −0.2 V before reaching
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equilibrium 35 s after the static load was removed. The d33 coefficient was calculated
to be approximately 37.5 pC/N. As expected, this was substantially lower than d33
values reported in the literature for PP and PE. From Table 2.1, d33 = 200–400 pC/N for
cellular PP and PE. However, it is noteworthy that the piezoelectric coefficient achieved
with the EPF is commensurate with established ferroelectric polymers like PVDF (d33 =
20–30 pC/N).
Multiple variables can be attributed to the disparity in d33 between EPF and PP/PE.
Firstly, EPF samples prepared in this work consist of a single layer of voids characterized
by relatively large, cubic geometries. The cumulative effect of these voids is predictably
less than that of thousands of smaller voids with more optimal aspect ratios. Secondly,
the hybrid design of EPFs necessitates a careful fabrication to eliminate defects such as
delamination, warping, and imperfect prints. These defects along with handling errors
contribute to a compromised piezoelectric performance. However, the most significant
contributor to the d33 disparity is the electromechanical properties of the photopolymer
resin. The chosen photopolymer was a suitable commercially available material but
remained significantly stiffer than foam PP/PE, even when voids were printed into the
film. Furthermore, the charge trapping ability, dielectric loss factor, and permittivity in the
33-direction of the raw photopolymer are all significantly poorer than that of established
electret and ferroelectret materials.

5.1.3

Relationship between d33 and surface potential

It is reported that, in the contact charging method, the electromechanical d33 coefficient
presents three different trends related to the charging voltage Vc . For charging voltage
below the theoretical threshold V0 , d33 is equal to zero. For V0 < Vc < 2V0 , d33 increases
with charging voltage and for Vc > 2V0 , d33 is almost constant (Zhang et al., 1999).
This was not observed for the corona charging method for EPF samples. It is expected that the relatively smaller number of voids and their near complete DBD initiation
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of EPFs is the cause of this. Although a slight increase in d33 was seen for PP/PE for
higher needle voltages, it’s unclear how statistically significant this increase is due to the
inherent variance in the void morphology of these samples. Furthermore, limitations of
the quasi-static method contribute to the variance in d33 for PP/PE in this work and the
reported literature. Due to the variable void microstructure and relatively rough surface
of ferroelectrets, d33 coefficients are locally dependent, resulting in different methods
producing different measurements. The quasi-static method primarily measures the
d33 values of surface protrusions while the interferometric and acoustic methods are
capable of resolving an average d33 over the film surface.

5.2
5.2.1

Energy harvesting
Energy harvesting circuit

An electrical circuit for piezoelectric energy harvesting must be designed to efficiently
capture, accumulate, and store small energy packets with minimal leakage or losses
in energy storage. It must also tolerate a wide range of irregular input conditions while
operating in the low voltage range. The high internal impedance of the ferroelectret
restricts the amount of output current that can be driven by the source to the µA range.
A simple circuit that achieves these aims is shown in Figure 5.4.
The ferroelectret is modelled as a current source in parallel with a parasitic capacitance Cp and a damping resistance Rp . Since a piezoelectric ferroelectret generates
a discontinuous AC voltage, the first stage of the accompanying circuitry is usually a
full-bridge AC-DC rectifier. A smoothing capacitor reduces the voltage ripple from the
rectifier. Finally, a buck boost DC-DC converter steps up the voltage to that of the load,
controls the switching frequency of the ferroelectret, and minimizes switching losses.
Possible energy storage systems include lithium ion rechargeable batteries and
double-layer ultracapacitors. The required energy density and power density of the
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Figure 5.4: Schematic of energy harvesting circuit.
application dictates choice: ultracapacitors if high power density is required, lithium
ion batteries if high energy density is required (Kim et al., 2009). It is also crucial to
match the impedance of the ferroelectret transducer with the impedance of the load to
maximize power transfer.

5.2.2

Power generation and conversion efficiency

Energy harvesting analysis of piezoelectric materials is a multivariate problem dependant
on the factors that influence the piezoelectric coefficient (mainly material stiffness, void
geometry, and charge density), the dielectric properties of electret materials, and the
design of accompanying circuitry. This is substantiated by the ferroelectret energy
harvesting figures of merit (FoM) proposed by Kachroudi et al. (2016) and Kim et al.
2
(2009). FoM = d33
/εX33 where εX33 is the permittivity at constant stress. Clearly the

advantage of ferroelectrets is the combination of a high piezoelectric d33 coefficient and
a low permittivity of the cellular polymer structure (Zhang et al., 2019).
In order to propose preliminary power generation and conversion efficiency estimates, the FoM value for the EPF is calculated and compared with calculated FoM
values for established ferroelectrets. ε33 in the equation above refers to the relative
permittivity of the voided polymer. Since we conducted dielectric spectroscopy on a film
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of homogeneous cured photopolymer, we resort to a general model for the dielectric
constant of porous materials presented by Liu et al. (2016). The effective dielectric
formula of the dielectric constant for porous materials can be expressed by:

εeff − εm
εair − εm
=f
εeff + βεm
εair + βεm

(5.2)

where εeff is the desired effective dielectric constant, εm and εair are the dielectric
constant of the polymer matrix and air respectively, f is the porosity and β is the structure
factor (3 for closed-pore materials). The porosity of the EPF films was calculated as
f = 0.65. Therefore, equation 5.2 derives the effective dielectric constant of the porous
EPF structure to be 2.804. The energy harvesting FoM is subsequently calculated to be
179.
By comparison, the FoM for a single layer of PP foam film was calculated to be
approximately 1.2 × 104 as per porosity and εeff values reported in the literature (Chand
and Sharma, 2012). This is two orders of magnitude larger than that of the engineered
ferroelectrets suggesting a likely generated power value of ∼1 µW at for the EPF.
Naturally, this figure can be maximized by optimizing the porosity, circuit resistive load,
and agitation frequency.
To obtain the optimal resistive load, the output voltage pulse from the ferroelectret is
measured in a dynamic piezoelectric characterization whilst scanning load resistance
from 100 kΩ to 1 GΩ. The peak power is inferred when P =

V2
R

is maximized. Fur-

thermore, maximum power is generated at the system’s natural frequency. A dynamic
characterization also determines the natural frequency by conducting a frequency sweep
of a harmonic excitation with a seismic mass and measuring the power output of the
ferroelectret. Unfortunately, generated power can be reduced by up to 90% at operating
frequencies outside the natural frequency (Sborikas and Wegener, 2013).
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Comment on deployment and potential applications

The energy harvesting modality explored in this work relies on the direct piezoelectric
effect of the engineered ferroelectret elements. Ideal operating environments are characterized by cyclical loading of the ferroelectret. Coupled with the attractive compliance
and diverse preparation methods of EAPs for energy harvesting, deployment is best
suited for wearable technologies. Applications reported in the literature that can be
adapted for our engineered ferroelectrets include heel-strike shoe insoles (Luo et al.,
2015) and backpack shoulder straps (Granstrom et al., 2007). In the near future, energy
harvesting ferroelectrets demonstrate potential for deployment in full-body soft suits
as an energy source for motion-capture EAP sensors (Kim et al., 2019; Mengüç et al.,
2014).
However, the inceptive motivation behind this work was the development of stable
electrets capable of storing a sufficiently high surface potential to replace the bias voltage
in dielectric elastomer generators (DEG). This modality was predominantly investigated
by the Contact and Structure Mechanics Laboratory of Dr. Jean-Mistral (Jean-Mistral
et al., 2012; Lagomarsini et al., 2016, 2017). Despite the promise of DEGs, their mode
of operation relies on using a high bias voltage to charge the dielectric elastomer film
and discharge it at different points during the actuation cycle to achieve a net electrical
energy gain as shown in Figure 5.5. The circuitry accompanying DEGs is therefore
bulky and intrusive, thereby negating the potential for deployment of this technology in
wearable or space-limited applications. The promising results of the characterization of
temporal and thermal surface potential stability in Chapter 4 indicate the suitability of
the engineered ferroelectrets as the bias voltage source necessary for DEG operation.
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Figure 5.5: Schematic of operating principle behind DEG-electret hybrid energy harvester (© Lagomarsini et al. (2017), included with permission).

5.3

Chapter summary

This chapter introduced a review of the experimental setups for piezoelectric characterization of EAPs. The quasi-static method was chosen to determine d33 coefficient
of engineered photopolymer ferroelectrets. The achieved d33 of 37.5 pC/N is lower
than that of PP/PE ferroelectrets but equivalent to that of ferroelectric polymers such as
PVDF. Finally, a discussion of the accessory electronics and application environments
for an energy harvesting wearable device was presented.
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Chapter 6
Concluding remarks

6.1

Summary of conclusions

This thesis explored the issues surrounding fabrication of hybrid photopolymer ferroelectret structures using light-based additive manufacturing methods and their functionalization through high voltage electrostatic poling. The knowledge ascertained through these
activities has prompted the following conclusions:
1. The first principles design and fabrication of hybrid photopolymer ferroelectrets
with regular and repeatable void structures was presented. The process involved
utilizing a commercial flexible photopolymer formulation and DLP printer to print
thin films with precise void geometry and distribution. A systematic optimization
of the print process allowed us to extract maximal dimensional accuracy from
the printer and photopolymer. Building on an understanding of the fundamental
transduction phenomena in polymer ferroelectrets, the films were encased in FEP
layers to create closed cells capable of trapping charges once DBD in the air-filled
voids convert these cells into macroscopic dipoles. An electromechanical model
for DBD initiation in the voids was also presented.
2. The construction of a custom corona discharge apparatus for poling of engineered
95
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ferroelectrets was outlined. The robust design combined precise control of uniform corona discharges at voltages up to -30 kV with modularity and ease of
use. The consistency of discharges provided by the corona triode enabled the
characterization tests that followed.
3. A characterization of the poling behaviour of the engineered ferroelectrets was
undertaken. Results were compared with PP and PE ferroelectrets to reveal
comparable temporal and thermal stability of polarization and superior surface
potential uniformity. This validates the proposed hypothesis regarding uniform
charge distribution.
4. Finally, the piezoelectric behaviour of the EFPs was studied. The d33 achieved
was an order of magnitude below that of PP and PE ferroelectrets but comparable
to that of PVDF. This suggests the suitability of the proposed structures for sensing
and energy harvesting applications.

6.2

Summary of contributions

The most significant research contributions presented in this thesis are summarized as
follows:
• The first-ever study of fabricating hybrid ferroelectret structures using light-based
AM technologies. Repeatable 650 µm voids were achieved in thin films of cured
flex photopolymer to provide a foundation for a ferroelectret proof of concept.
• The design of a built-for-purpose high voltage electrostatic poling apparatus. The
theory of operation centers around using a corona triode to generate even corona
discharges across the surface of films. The device offers precise control over the
potential of charges deposited on the treated surfaces. In addition, the design
prioritized safety, ease of use, and modularity.

C HAPTER 6. C ONCLUSIONS

97

• The creation of piezoelectric elements in a proof of concept for energy harvesting
applications. The piezoelectric performance of the proposed EFPs is comparable
to that of other EAPs utilized for these applications.

6.3

Recommendations for future research

In terms of optimizing the ferroelectrets developed in this work, future work would center
around utilizing better instruments and materials as well as exploring different void
geometries. A printer capable of higher resolution offers more precise control over the
size and reproducibility of voids. More importantly, however, is utilizing a lower stiffness
polymer photopolymer. The high stiffness of the engineered ferroelectret compared with
conventional polymer ferroelectrets inhibited the piezoelectric performance substantially.
Towards the end of this work, experiments with printing using a Loctite silicone photopolymers were attempted with promising results. Silicone polymers offer a stiffness
and elasticity that is attractive for ferroelectret applications. This formulation was not
commercially available at the beginning of this work.
To improve the charge stability within the voids of printed ferroelectrets, the charge
trapping capability of the photopolymer must be enhanced. Attempts at dispersing
PTFE powder in the flex resin and printing with the resulting nanocomposite were
undertaken for this work. Although these trials proved unsuccessful, some success
with using fillers to enhance the mechanical and chemical properties of photopolymers
has been reported in the literature (Taormina et al., 2018). Future work would explore
nanocomposite photopolymers optimized for piezoelectric performance.
From a design point of view, the engineered ferroelectrets would benefit from voids
with a higher aspect ratio and from multiple layers of voids. Furthermore, improvements
in electroding techniques, such as the use of sputtering, would reduce the amount of
handling that contributes to partial discharging of the ferroelectrets prior to character-
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ization. Encasing ferroelectrets in an insulating elastomeric membrane after corona
treating would also help the robustness of ferroelectret elements when deployed in
energy harvesting applications. A dynamic method for measuring the piezoelectric
coefficient would be employed for the optimized EPFs. In addition to a more accurate
measurement of d33 , the natural frequency of the system and optimal load of the energy
harvesting circuit would be ascertained from this method.
Finally, future work would improve the design of the corona treater. Implementing a
closed loop feedback controller into the programming of the device would ensure the
operation of the device under the constant current condition at all times.
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Figure A.1: Simplified schematic of wiring diagram for corona treater device. The dashed red box denotes the safety circuit meant
to disconnect the HV output in event of a power surge, emergency stop or improper access of treatment zone during operation.
Connections highlighted in green denote signal lines for control of instruments using the NI DAQ.
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(a)

(b)

Figure A.2: (a) LabVIEW VI for control of high voltage supplies and surrounding electronics. Contains graphical current and voltage output monitors. (b) LabVIEW VI for
motor control of treatment table
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